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Abstract 
 
Nanotechnology has been one of the most popular and fast moving multidisciplinary fields for 
current research and technological development. The nanoscale is, to an extent, regarded as the 
point where the chemical or physical properties of materials start to change. Thus, layered clays, as 
one of the most important classes of nanomaterials, have attracted great interest from both 
fundamental and applied research communities. Although the properties of natural or synthetic 
layered clays have been studied for centuries, recent advances in nanotechnology have further 
broadened the applications of layered clays in ceramics, adsorption and catalysis, environmental 
remediation or protection, agriculture, coatings, paints cosmetics, health care products, and 
especially as nanofillers in polymer/clay nanocomposites with high performance and multi-
functionality. Aspect ratio, which refers to the ratio of the major diameter of the planar platelet to its 
laminar thickness, is closely associated with resultant properties and performance in these 
applications, as a simple reduction of aspect ratio can lead to increased specific surface area, altered 
shape, and increased edge surface area. Furthermore, in recent years, in order to meet the 
requirements of a particular application with a balance between stiffness, toughness and strength, 
novel nacre- like polymer/clay nanocomposites have become the most attractive candidates to solve 
such a materials-design problem. It would be of great advantage to investigate the influence of 
controlled aspect ratio layered clay nanofillers prepared from a single mineral type via high-energy 
milling on the structure and properties of such artificial nacres.  
 
In this thesis, the high-energy stirred bead mill, or micronizing mill was employed at both 
laboratory and pilot/commercial scales to perform the reduction of aspect ratio of a semi-synthetic 
Na+ fluoromica (Somasif ME100). Reduction of aspect ratio of ME100 was successfully carried out 
using lab-scale high-energy milling and different size fractions were obtained using differential 
centrifugal separation. Benefiting from these well-characterized fluoromica fractions, a subsequent 
collaborative nanotoxicology study demonstrated that smaller fluoromica nanoparticles indicated 
reduced cytotoxicity levels. This is very interesting because it is the opposite trend to that observed 
for many other types of nanomaterials, but also suggesting the potential future application and 
enhanced biocompatibility of low aspect ratio synthetic clays as used in biomedical polymer/clay 
nanocomposites. As a next stage of the thesis, larger scale high-energy milling was performed and 
the smallest fractions with narrow size distribution from both lab-scale and semi-commercial scale 
high-energy milling were characterized and compared. By optimizing the specimen preparation 
method, field-emission scanning electron microscopy (FE-SEM) provided the most efficient 
representative and direct measurement of clay platelet planar diameter. Indeed this improved 
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advanced microscopy approach could be very useful for those in the field working with layered 
clays or other layered inorganic nanomaterials. The semi-commercial scale high-energy milling was 
also performed on two commercially available organo-modified fluoromicas which had been 
exchanged with different ratios of mixed quaternary alkylammonium salts. A series of well-
characterized organoclay size fractions were successfully produced and ready for evolution as 
nanofillers in a number of thermoplastic host polymers. Finally, a series of lab-scale high-energy 
milled pristine fluoromica particles with controlled aspect ratios were incorporated into poly(vinyl 
alcohol) (PVA) based nacre- like nanocomposites at different clay contents using the eco-friendly 
aqueous solvent casting method. The effect of the clay aspect ratio on the underlying structure and 
properties of nacre- like PVA-layered clay nanocomposites was thoroughly studied. Some optimized 
samples exhibited very attractive property profiles processing a unique combination of strength and 
toughness close to values reported for natural nacre. At high clay loading of 50 wt%, ultra-uniform 
brick-and-mortar structures involving a very high degree of in-plane orientation of clay platelets 
and PVA chains could be obtained. The mechanical performance and structural analysis clearly 
revealed that a higher volume fraction of PVA host polymer can be adsorbed in the rim areas of 
clay platelets of lower aspect ratios, and when this phenomenon is capitalized upon, 
nanocomposites having very high reinforcement efficiency can result.  
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Chapter 1 - Introduction 
 
1.1 Potential Application of Layered Silicates with Controlled Aspect Ratio  
With the development of nanotechnology, it is well known that materials can perform differently or 
exhibit novel properties as a function of dimensionality, especially at nanoscale, while the substance 
itself has no change.1-3 Layered clays have attracted great interest as they can be delaminated into 
unilamellar platelets exhibiting superior properties to their bulk counterparts.4 Natural and synthetic 
layered clays have been studied for centuries and have found a wide range of applications in many 
fields including polymer/clay nanocomposites,3,5-8 catalysis,9 agricultural and environmental 
protection agents, pharmaceutical products, cosmetics,10,11 biomaterials,12 controlled drug 
delivery,13,14 etc.15 Layered clays possess special properties including layered structure at nanoscale, 
high aspect ratio, and high specific surface area combined with relatively easy availability, low cost, 
etc. Moreover, their ease of surface modification, particularly with positively charged 
alkylammonium salts has further broadened the applications of layered clays.16-18 All these 
advantages mentioned above have led to layered clays being one of the most attractive 
nanomaterials, especially as layered nanofillers used in polymer/clay nanocomposites.5,19  
 
Among all the features of layered clays, aspect ratio, which refers to the ratio of the major diameter 
of the planar platelet to its laminar thickness, plays a very important role in many applications of 
layered clays.20 With a reduction of aspect ratio of single platelet, the specific surface area is 
increased, and this shape change and increased edge surface area will also promote the chemical 
activity of the layered clays.21 Polymer-based nanocomposites, in which nanofillers disperse in the 
polymer matrix, can exhibit a desired combination of the basic properties of the polymer and 
inorganic nanofiller as well as unexpected improved properties that result from nucleation effects, 
phase anisotropy and orientation. The aspect ratio of layered clays is closely associated with the 
enhancement of properties of polymer/clay nanocomposites, including mechanical performance,22 
gas barrier properties,23-25 heat resistance,26,27 etc.28 Intensive efforts have been made to produce 
high-performance polymer/clay nanocomposites using variety of natural or synthetic layered clays 
via different preparation methods. There still exists a materials-design challenge to find an ideal 
property profile balance between stiffness, toughness and strength to meet the requirements of a 
particular application. This project aims to produce layered clays with controlled platelet aspect 
ratio from the same synthetic clay starting material via high-energy milling. A secondary aim is to 
develop well-optimized polymer/clay nanocomposites with this attractive blend of toughness, 
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strength and stiffness, and perhaps other functionalities by adjusting the aspect ratio of layered clay 
fillers prepared from a single mineral type. 
 
1.2 Research Motive and Significance 
Polymer/clay nanocomposites have experienced a rapid development since the early 1990s and have 
continued attracting attention and resulting in new applications. Much of the research has centered 
around the optimization of preparation methods and surface modification of layered clays to 
increase the compatibility and homogenous dispersion of layered clays in various host polymers, so 
as to obtain enhanced or novel properties. Also, quite a number of studies have tried to use different 
types of layered clays with different aspect ratios, or to exfoliate the clay agglomerates, or tactoids 
into mostly individual platelets to increase the effective aspect ratio, in other words, to reduce the 
thickness of clay particles or the number of layers each clay particle contains.6,29 In contrast, 
relatively few studies have managed to control the aspect ratio of a single clay mineral source by 
reducing the major diameter of the planar platelet, and subsequently investigated the potential effect 
and application of layered clays with controlled aspect ratio and same chemistry, for example, the 
effect of well-characterized changes in aspect ratio on the properties of polymer/clay 
nanocomposites or bio-toxicity. Synthetic clays such as fluorohectorites can be prepared 
hydrothermally to produce different products of varying aspect ratio,30 however this entails varying 
precursor recipes and synthesis conditions which result in subtly dissimilar products. Thus, high-
energy stirred bead milling could be an alternative approach to reduce the aspect ratio of a single 
clay type, as high-energy stirred bead milling is a simple top-down approach while being scalable 
and effective in preparing nanomaterials, compared with conventional mills.31,32 However, very few 
studies have investigated the use of high-energy stirred bead mills under wet conditions to carry out 
the reduction of aspect ratio of layered clay nanoparticles.33 Also, microscopy characterization 
methods need to be optimized to observe the exfoliation of nanoparticles and thin platelets for 
further applications. Due to the agglomerates or clumps caused by layered clay particles themselves, 
characterization and the reliable statistical measurement of the aspect ratio of layered clays remains 
a significant challenge, which will be investigated in this project.20,34  
 
The recent development of synthesizing polymer/clay nanocomposites has introduced a kind of 
novel bio- inspired nacre-mimetic polymer/clay films with high stiffness, strength and toughness, 
gas barrier properties, thermal properties, etc. Different from conventional polymer/clay 
nanocomposites which typically employ a relatively low loading < 10 wt%, nacre-mimetic 
nanocomposites provide high performance with a high loading of inorganic layered clays (30-70 
 3 
wt%).22,35-39 Nacre-like PVA/clay nanocomposite film is one of the attractive candidates for this 
purpose due to the water-soluble host polymer and ease-of-processing and handling. Work in this 
thesis has enabled us to investigate the influence of controlled aspect ratio layered clay nanofillers 
via high-energy milling on the properties of nacre-like PVA/clay nanocomposites.  
 
1.3 Project Aims 
This project aims to develop a series of fluoromica nanoparticles with controlled aspect ratio using 
high-energy milling. These well characterized nanoparticles are used for studying biological 
interactions and nanocomposite fundamentals. This broader aim is divided into several more 
specific objectives, as follows: 
1. To produce a series of pristine and organo-modified fluoromica fractions of controlled aspect 
ratio using aqueous high-energy milling (continuous stirred bead mill) at lab scale and/or semi-
commercial scale combined with centrifugation techniques. 
2. To investigate the influence of high-energy milling on the aspect ratio of clay nanoparticles and 
to develop more reliable and representative direct microscopy sample preparation and measurement 
techniques tailored specifically for clay platelet planar diameter.  
3. To provide well-characterized fluoromica samples for fundamental biology-toxicity studies, more 
specifically, for testing the influence of aspect ratio of layered clays on bio-toxicity. 
4. To produce nacre-like polymer based nanocomposites incorporating clays of same mineral type 
and controlled aspect ratio and to investigate the relationship between the well-defined aspect ratio 
of nanoclay particles and broader polymer nanocomposite property profiles, including nacre-like 
hierarchical architecture, mechanical performance, thermal stability, etc. 
  
1.4 Thesis Outline 
This PhD thesis consists of eight chapters. Chapter 1 introduces the research background, motive 
and project aims. Chapter 2 is the literature review of this project, covering the topics of 
polymer/clay nanocomposites, layered clays, high-energy milling and nacre- like PVA/clay 
nanocomposites. Chapter 3 introduces the fluoromica used in this project and compares it with other 
type of synthetic layered clays including a series of hectorite clays. The preparation of organo-
modified fluoromica is also introduced and these modified types are compared with pristine 
fluoromica. Chapter 4 describes the reduction of aspect ratio and the fractionation of pristine 
fluoromica using lab-scale stirred bead milling and centrifugation techniques. Different microscopy 
characterization methods are tried, optimized and compared. These well-characterized fractions are 
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investigated in a fundamental biology-toxicity study. In Chapter 5, the influence of stirred bead 
mills on the size of clay nanoparticles is investigated and a novel sample preparation and direct 
microscopy method measurement of clay platelet planar diameter is developed and presented, as 
well as compared and benchmarked to a range of existing measurement techniques. Additionally, 
the impact of processing scale (lab scale and semi-commercial scale) on the resultant particle size 
distribution is assessed. In Chapter 6, size fractionation of organo-modified fluoromica is performed 
using a semi-commercial stirred bead milling unit and these fractions are characterized using the 
optimized microscopy method. Chapter 7 investigates the relationship between the properties of 
nacre-like PVA/clay nanocomposites incorporating this well-defined series of controlled aspect 
ratio fluoromica nanoparticles produced using high-energy milling. Finally, Chapter 8 summarizes 
the conclusions and describes the future work arising from this thesis.  
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Chapter 2 - Literature Review 
 
2.1 Nanotechnology 
2.1.1 Nanomaterials and Nanoparticles 
Technology innovation and continuous exploration to improve product performance and develop 
new products is the key to improve societal quality of life in the future. With the associated 
advances in science and technology, an enhanced understanding of materials at the nanoscale can be 
found both in nature, or in artificially designed produced materials, thus nanotechnology has been 
one of the most popular multidisciplinary fields for current research and technical development. 
New materials with designed nano-sized architectures continue to bring novel and innovative 
features and functions profiting our everyday life.1 Nowadays, nanotechnology plays an important 
role in a wide range of current and emerging products and applications including engineering 
materials, food packaging, biomaterials, medicine, aerospace and aviation, new energy, etc. 
  
Nanomaterials and nanoparticles have at least one dimension from 1 nm to 100 nm in the 
constituent phases or grain structures. Materials can perform differently or exhibit new properties 
with only a reduction of size while the substance itself has no microstructural change. The 
nanoscale is, to an extent, regarded as the point where the chemical or physical properties of 
materials start to change. The most classical relationship is that showing the dramatic increase in 
surface area to volume ratio as a given material’s particle size is reduced, thus amplifying the 
potential for interfacial interactions between the constituent domains.2 Nanoparticles have a much 
higher specific surface area and a higher concentration of atoms in interfacial locations, which bring 
them some specific properties that micro-sized particles and bulk materials do not display.3,4 They 
can be partly or systematically tailored with respect to chemical composition, size and/or shape to 
exhibit improved physical, biological, chemical or mechanical properties, enabling unique 
applications.5 Nanoparticles are usually artificially synthesized materials and they can be produced 
via a variety of physical, chemical and mechanical methods such as chemical processing, rapid 
solidification, gas condensation, electrodeposition, sputtering, and crystallization of amorphous 
phases.6,7 Advances in the technique to assemble nanoparticles into new materials and produce 
multi- functional macroscopic engineering materials by designing nanostructures with improved and 
novel properties provides broad technological applications, depending on the well-controlled 
mechanical, chemical, electronic or optical properties, etc.8,9  
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In recent years, the interest from both fundamental and applied research communities is growing 
rapidly.10 Thousands of publications are related to nanotechnology and more and more researchers 
worldwide are working hard in the nanotechnology space. The economic promise of 
nanotechnology has attracted enormous investment from governments and companies, which has 
contributed to its fast expanding market. Since 2001, The U.S. government has appropriated over 20 
billion USD for the research and development of nanotechnology. It is also predicted that the global 
revenues from nano-products would reach 4.4 trillion USD by 2018.8  
 
2.1.2 Polymer-based Nanocomposites 
Current interests in nanotechnology include nano-biotechnology, nano-systems, nano-electronics, 
and nano-structured materials.9 As an important branch, nanocomposites are multi-phase 
nanomaterials in which one phase has at least one dimension at nano scale, being one of the most 
popular areas in the large field of nanotechnology. Generally, nanocomposites are produced by 
dispersing the nano reinforcement into the matrix. According to the matrix materials, 
nanocomposites can be mainly divided into three categories, including polymer matrix based, metal 
matrix based, and ceramic based nanocomposites.4 This kind of composite system is similar to other 
multi-phase systems and it requires well-controlled mixing or compounding, stabilization of the 
dispersion, adhesion at the filler-matrix interface and orientation of the dispersed phase. 
Nanocomposites with high performance and multi- functionality are regarded as the materials of the 
21st century. 
 
Among the family of nanocomposites, polymer matrix based nanocomposites have attained most 
attention.11 Polymers have the advantages such as light weight, durability, ease of manufacture and 
processability, relatively low cost, etc. However, different types of polymers including 
homopolymers, co-polymers, and blended polymers are often not sufficient to offer optimal 
mechanical, electrical, thermal, and optical or flammability properties, as demanded by the market.4 
On the other hand, although traditional filled polymer composites have a wide range of applications, 
some drawbacks including weight increase, brittleness, unwanted stiffness increases (in the case of 
elastomeric host polymers) and the introduction of opacity with the addition of these macroscopic 
fillers.12 Thus it is advantageous to develop alternative approaches to enhance these specific 
properties while retaining the attractive features of the matrix or host polymers. As a result, through 
the use of nanotechnology, high-performance polymer-based nanocomposites, which are particle-
filled polymers with dispersed particles having at least one dimension at nanoscale,  have seen a 
rapid development over recent years. Polymer-based nanocomposites can exhibit a desired 
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combination of the basic properties of the polymer and inorganic nanofiller, sometimes with 
tremendous improvements in a wide range of physical, chemical, thermal, electrical and mechanical 
properties, gas barrier performance, etc. Furthermore, optimised polymer nanocomposite systems 
can demonstrate a very high degree of reinforcement efficiency, where the most attractive property 
profiles are often achieved at nanofiller loadings as low as 0.1-1% by weight. Due to the enhanced 
properties, for example, these polymer-based nanocomposites are used as replacement for materials 
including metals, ceramics, glass, etc. in several applications while demonstrating advantages such 
as enhanced durability, lighter weight and lower cost.13 
 
Generally, in optimized systems a relatively low nanofiller loading (e.g., 0.1-5 vol%) into the 
polymer matrix is necessary polymer-based nanocomposites achieve a measurable enhancement in 
properties. Particular enhancement can be controlled by adjusting the weight ratios of the two 
components. The extent of improvement on the specific properties of the polymer matrix is 
dependant on (a) the properties of the nanofiller including size, size distribution, shape, surface 
morphology and chemistry; (b) the nanofiller content, chemical composition, and purity; and (c) the 
degree of nanofiller dispersion or the type of distribution in the matrix.4 However, as mentioned 
earlier, smaller nanofillers are associated with a larger internal surface and therefore have a greater 
tendency to agglomerate rather than form homogenous dispersions in the polymer matrix.14 So great 
effort has been made to overcome this problem and improve the dispersion of nanofillers in 
polymer matrix through careful tuning of nanofiller surface chemistry, or alternatively through the 
use of more sophisticated “dispersing agents”. 
 
Nanofiller selection is one of the most important factors that determine the properties (density, 
conductivity, stiffness, transparency, toughness, etc.) of polymer nanocomposites. Nanofiller 
candidates include silica, nanocrystalline metals, metal oxide particles, carbon nanotubes, carbon 
nanofibres, graphene, synthetic and natural layered clay minerals and a number of additional 
nanoscale materials.11 These nanomaterials can be classified as particulate (spherical) materials (all 
the three dimensions at nano scale), fibrous materials (at least two dimensions at nano scale),  and 
layered materials (at least one dimension at nano scale).9,15 Among all of these potential nanofiller 
materials, layered clays have arguably been the most widely investigated owing to a number of 
advantages. In addition to the relatively easy availability and low cost of layered clays, one 
important reason of developing polymer/clay nanocomposites is that the lab-scale research can be 
transferred immediately into commercial applications, compared with some other nanotechnologies 
still in the concept and proving stage.16 The increased commercial interest and consumption of 
polymer/clay nanocomposites could indicate the large potential of layered clays as nanofillers in 
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polymer based nanocomposites for numerous applications.17 Companies like BYK 
(http://www.byk.com/en), a global innovative additives company, now sell a myriad of both natural 
and synthetic layered clay based product offerings. Polymer/clay nanocomposites have developed 
strongly since early 1990s and the structural design of materials has also changed significantly, 
particularly the number of studies investigating bio-inspired nanocomposites, which is broadening 
the potential application of polymer/clay nanocomposites.18 As the core nanomaterials in this thesis, 
the details of layered clays are covered in the following section. 
 
2.2 Layered Clays 
2.2.1 Introduction 
Layered clays are regarded as an important class of nanomaterials, as they have layers with 
thickness and interlayer spaces at the nanoscale. Clay minerals are defined as “phyllosilicate 
minerals and minerals which impart plasticity to clay and which harden upon drying or firing”,19 
and they are micro- and nano-sized crystalline materials including a range of hydrated layered 
silicates making up the fine-grained fractions of rocks, soils, and sediments at or near the Earth’s 
surface, and as such they are ubiquitous in nature.20,21 The properties of natural or synthetic clay 
minerals vary widely with different types and they have been studied for centuries due to their 
importance in ceramics, agriculture, and many industries.22 The structures of layered clays at the 
nanoscale are all based on two types of sheets, which are usually a tetrahedral coordinated silica 
sheet (T) and an octahedral coordinated metal oxide hydroxide sheet (O). Each tetrahedral sheet 
usually consists of silicon-oxygen tetrahedra linked to adjacent tetrahedra by sharing three corners 
to form an infinite hexagonal network. The octahedral sheet consists of mostly aluminium or 
magnesium in six- fold coordination with oxygen anions from the tetrahedral sheet and with 
hydroxyl groups.23 The individual TOT or TO layer is formed according to the proportion of 2:1 
and 1:1 for these two types of sheets. A layer structure has one dimension at the nanoscale, as the 
thickness of a 2:1 layer ranges from 0.9 nm to more than 1.5 nm, and that of a 1:1 layer (TO) is 
approximately 0.7 nm.23,24 Layered clays consisting of 1:1 layer structures mainly include the kaolin 
group and the serpentine group. Smectites including montmorillonite (Mt),25 hectorite, laponiteTM 
and saponite, as well as talc, mica, etc. make up the layered clays consisting of 2:1 layer 
structures.26  
 
This thesis will focus on layered clays with 2:1 layer structure, in which the central octahedral sheet 
is sandwiched by two tetrahedral sheets. A representative structure of a 2:1 layered clay platelet is 
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displayed in Fig. 2-1.22,26,27 The lateral dimensions of clay platelet range from approximately 30 nm 
to several microns, and even larger among different clay types. For instance, the size of a hectorite 
platelet is approximately 30-120 nm in diameter, while the size of Mt platelet can be up to 2 µm in 
diameter. The term aspect ratio is utilized to describe the ultra thin, plate- like structure of layered 
clays. Aspect ratio is generally defined as the ratio of the major axis dimension to that of the minor 
dimension, which expresses the relative abundance of the two characteristic surfaces of platy 
platelet. Here, aspect ratio of layered clays refers to the ratio of the major diameter of the planar 
platelet to its laminar thickness.28 Due to very small size and thickness of the platelets, a single 
gram of layered clay could contain more than one million individual platelets.29 
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Figure 2-1. Model of a layered clay platelet with 2:1 layer structure.  
 
Stacking of these platelets form a single particle and generate a regular van der Walls gap in 
between them which is called the interlayer space. The distance between the two tetrahedral sheets 
across the interlayer region is defined as the interlayer distance. Different from the interlayer 
distance, the interlayer spacing or basal plane spacing (d001) refers to the distance from a certain 
plane in one platelet to the corresponding plane in the adjacent parallel platelet of layered clays, as 
shown in Fig. 2-1.15,27,30 For Mt, the multilayered particle is composed of ten to several hundreds of 
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tightly bonded individual platelets.31 Tetrahedral cations are usually Si4+, occasionally Al3+ and Fe3+. 
Octahedral cations include Al3+, Fe3+, Fe2+, and Mg2+, etc. Layered clays of 2:1 structure are 
negatively charged as an important feature and the layer negative charge ranges from 0.2 to 2.0 
according to their different structural formula. The emergence of the negative layer charge is due to 
isomorphous substitutions of metal ions and the presences of vacancies.23 Isomorphous substitutions 
within the layers (for example, in fluoromica, tetrahedral Si3+ replaced by Mg2+) produce negative 
charges which can be counterbalanced by alkaline or alkaline earth cations (typically Na+, K+, Mg2+ 
or Ca2+), located in the interlayer space. These hydrated cations are called exchangeable cations. 
Because they are not structural, they can be easily replaced by other positively charged atoms or 
molecules, which is a true advantage in terms of tailoring hydrophobicity through the simple 
aqueous exchange of quaternary ammonium salts.32 Thus most of the technological uses of layered 
clays are related to reactions that take place in the interlayer space.23 The relative ability of layered 
clays to store these cations is characterized by a moderate surface charge referred to as the cation 
exchange capacity33 which is measured in millequivalents per 100g layered clays (meq/100g). Due 
to the charge at particle surface as well as the strong interparticle forces, clay nanoparticles are 
easily face-to-face stack in agglomerated tactoids, especially in their dry form.34  
 
Another important feature of 2:1 layered clays is swelling. When interacting with water, 
exchangeable cations in the interlayer space have a tendency to hydrate forcing clay layers apart.  
Owing to crystalline swelling, water molecules can enter into the interlayer space, stack one above 
the other at fixed positions in several layers and result in an increased interlayer spacing. In a 
process termed osmotic swelling, which only happens in layered clays which contain exchangeable 
cations in the interlayer space, if the concentration of these cations is higher than that of the 
surrounding water, water molecules can be drawn into the interlayer space to keep balance. The 
presence of cations leads to the formation of an electric double layer on the surface of the clay 
platelet, which promotes repulsive forces in the interlayer space.35 As large expansion of the 
interlayer space can be attained by the penetration of significant volume of water in osmotic 
swelling, this process is extremely important for the exfoliation of clay particles. After osmotic 
swelling, the suspension is generally regarded as a co lloidal system.36 Generally, the swelling 
ability of layered clays is increasing with the decreasing cation size and its charge. For example, in 
Mt, the osmotic swelling ability with different cations is in the order that Li+ > Na+ > Ca2+ > Fe2+ > 
K+.1 Thus this type of swelling can cause large volumetric change especially in layered clays with 
Li+ or Na+. As a result of swelling, the interlayer space can be expanded and interlayer ions can be 
exchanged with other ions, which accommodates further surface modification.37,38 Once interfacial 
energy has decreased sufficiently during swelling, dispersion of the clay platelets can be attempted. 
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Even though hydrophilic, swelled layered clays with expanded interlayer space do not easily 
disperse, or more exactly exfoliate very well in water due to the remaining interactions between the 
solvated cations and the negatively charged clay layers, as well as other short-range interactions.39 
A clear dispersion of layered clay at a low concentration (< 3 wt%) in water can be obtained with 
appropriate mixing procedures (e.g., with surfactants, ultrasonic or alternative mechanical energy). 
When the concentration of layered clay is above 3-3.5 wt%, the dispersion will stiffen and become 
gel- like, hence the large application area for clay-based rheology modifiers, as sold by BYK and 
many other companies.40 It is found that the fully exfoliated clay platelets in aqueous suspension 
have complete exposure of surface area and appropriately 18000 ionic charges per platelet, which 
would to a great extent contribute to their further application in polymer/clay nanocomposites.31 
The models of single clay platelet, single clay particle and aggregate of clay particles are displayed 
in Fig. 2-2.24,34 As a matter of convenience, an assembly of platelets (or layers) is regarded as a 
particle, while an aggregate refers to an assembly of particles.24  
 
A
B
C
Platelet (layer)
Particle
d-spacing
Aggregate
 
Figure 2-2. The models of (A) platelet (layer), (B) particle and (C) aggregate.  
 
2.2.2 Applications of Layered Clays 
Layered clays have a number of advantages such as high aspect ratio, high cation exchange capacity, 
high specific surface area,41 suitable rheological properties, good adsorption ability, acceptable 
biocompatibility (when embedded in non-degradable biomaterials), low or null toxicity.26,42 The 
most common and available layered clays are natural clay mineral such as Mt, bentonite and 
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kaolinite.25 It is reported that the very high specific surface area of layered Mt is a particular 
advantage of these nanoparticles. At appropriately 750–800 m2/g, this very high surface area for Mt 
indicates that almost half of the atoms are on the surface.43 Although natural clay minerals are 
abundant and inexpensive, due to their variable composition, it is almost impossible to purify them 
completely. Moreover, they have several drawbacks including the presence of contaminants, 
crystallographic defects, etc., which limit their potential for wider applications.44 Contaminations 
involving quartz and other particulate impurities can affect ultimate nanocomposite mechanical 
properties, because their size is in the micron range and they can act as stress raisers. Also, some 
high performance clay minerals are not available in abundant quantities. Thus natural layered clays 
often serve as starting materials for producing synthetic or semi-synthetic clays via hydrothermal 
techniques. Although these synthetic layered clays are more expensive, they attract more interest in 
terms of research potential and industrial applications than their natural counterparts as their purity, 
consistency, tailorability and specially designed features bring advantages.45-47 Furthermore, both 
natural and synthetic layered clays can be organically surface modified using a range of organic 
surfactants or mixtures thereof. These so-called organoclays further extend the applications of 
layered clays, especially as functional additives or nanofillers for polymers.48 The surface treatment 
of layered clays has received intense research activity and interest spanning several decades. This 
topic will be introduced below in Chapter 2.4.2. 
 
Owing to the excellent properties mentioned above, layered clays are important nanomaterials 
finding wide applications in ceramics, adsorption and catalysis,49 environmental remediation or 
protection, agriculture, cosmetics, health care products,50 and composites (especially polymer/clay 
nanocomposites).51 Due to unusual rheological or flow properties, clay aqueous dispersions also 
have special applications in coatings, paints, cosmetics, as well as in drilling fluids.52 In the last 
decade, as motivated by the development of nanotechnology, research interest in layered clays has 
grown to a new level. For example, 2:1 type layered clays carrying negative charge are traditionally 
efficient adsorbents for cationic contaminants. However, after specific modification, special cations 
can be exchanged into the interlayer space; as a result, modified layered clays can be used as 
adsorbents for a wider range of other contaminants.53 There are several general reviews reporting 
the wide applications of layered clay minerals in pharmaceutics, biology, agriculture, and 
environment protection, etc.54-57 The interactions of clay nanoparticles with biomolecules, polymers, 
and cells have also been investigated, and layered clay minerals can absorb a range of biomolecules 
involving proteins, DNAs and RNAs in physiological environments, which has provided new 
opportunities for drug delivery systems, biomaterials design, regenerative medicine, etc.26,58 In 
previous study, it is suggested that hectorite nanoparticles can be taken up into macrophages via the 
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scavenger receptor, and they seem to be safe for use in humans while being nanofiller in bio-
degradable nanocomposites.59 It is reported that through the clever hybridization of drugs with the 
layered clays, some novel features can be engineered including controlled release, protected 
delivery, increased dispersion ability and the feasibility of targeted drug delivery. This technology 
has attracted great attention for pharmacological applications.56,60 
 
2.2.3 Microscopy Characterization of Layered Clays 
Structural and morphological studies on clay nanoparticles are of significant importance since they 
are widely used for industrial and academic purposes. Many applications of clay particles depend 
on aspect ratio and surface properties, which can be modified using several treatments including 
milling under dry or wet conditions, acid treatments, hydrothermal synthesis conditions, etc. In 
order to quantitate aspect ratio properly, as well as gain a better understanding of the morphological 
and structural changes after these treatments, transmission electron microscopy (TEM), 
complemented with scanning electron microscopy (SEM), have been utilized as the most common 
characterization methods for several decades. In addition to microscopy, wide-angle X-ray 
diffraction (WAXD) can also provide a convenient and simple way to determine the average 
interlayer spacing of the clay layers, but this technique can not evaluate the spatial distribution of 
the silicate layers.61  
 
SEM is always an indispensable method for characterizing the features of clay minerals and 
identifying the various clay mineral groups. It provides a lot of morphological information such as 
size, shape and surface structure.62 In comparison, TEM imaging has mainly focused on the 
characterization of the changes of the interlayer spacings of clay minerals and the nanostructure of 
polymer/clay nanocomposites. It provides a direct opportunity to visualize nanocomposite 
morphology and describe qualitatively the internal structure and spatial distribution of the various 
phases in the polymer matrix.63,61 Furthermore, high-resolution TEM (HRTEM) can provide lattice 
imaging and a direct observation of the structural details of layered clay minerals including defects 
and transformations.64 
 
A large number of microscopy images of layered clays can be found in some journals or books 
about minerals. There are many academic articles about the usage of microscopy techniques to 
characterize the morphological or structural changes of clay particles before and after some 
treatments. Stacked clay mineral layers with expanded interlayer spacing were observed in TEM 
images due to the intercalation of alkyl ammonium ions in stirred ball milling.65 TEM was 
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employed to investigate the structural disorder with peeling of the layers of Na+-Mt and organo-Mt 
after planetary ball milling. On the other hand, SEM was employed to show that the smaller clay 
particle after milling agglomerated into clusters.66 It is reported that the intercalation of cetyl-
trimethylammonium into Na+-exchanged vermiculite by a typical hot method and a novel ball 
milling method were characterized and compared using SEM.67 Ultrasound treatments were used to 
realize particle-size reduction of the mineral dickite. The elongated crystals observed in the SEM 
and TEM images were broken up into smaller units and the lamellar morphology did not change.33 
However sample manipulation before observation is always a challenge, and excellent sample 
specimens can provide more important information of the clay nanoparticles. Much work has been 
done in order to develop an advanced microscopy approach. It is reported that adsorption of the clay 
particles onto a polyelectrolyte-treated graphite substrate could be helpful to SEM imaging and the 
determination of the size and shape of clay platelets.68 
 
2.3 High-energy Milling 
2.3.1 Introduction 
As the properties of nanoparticles highly depend on particle size, the ability to reduce particle size 
in a controllable manner is an important step in the “top-down” nanotechnology approach. It has 
been a long time since fine/ultra-fine milling was developed as a widely used technology to break 
down larger particles into smaller ones, especially in mineralogy and metallurgy. However, with the 
increasing need for the processing of ultrafine particulates coupled with a high demand for energy 
efficiency, the traditional milling processes have been shown to have limitations. For example, in 
traditional ball mills, the limit of particle size is still at microscale, and as this limit is approached, 
the energy consumed increases exponentially.69 Thus the development of size reduction technology 
is an extremely important factor accelerating the process from “micronization to nanonization”. In 
nanotechnology, it is important that the changes of the structure of particles induced by different 
processing routes are carefully tailored to the demands of various applications. In order to achieve 
particles of controlled size and shape, high-energy milling is a well-established “top-down” novel 
process for nanomaterials preparation and dispersion, with the advantages of simplicity, scale a nd 
effectiveness.70 Here, “high-energy” not only refers to the high level of energy consumed during the 
whole milling process, but also emphasises the high proportion of energy which is directly applied 
to particle size reduction.  
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There are vibration mills, planetary mills, mixer mills, stirred ball/bead mills (attritors), etc. In order 
to meet different purposes including particle size reduction, or achieving a narrower particle size 
distribution,71,72 different mills are applied for specific materials. There are several variables which 
influence the high-energy milling process such as type of mill, operating condition (dry or wet), 
loading of raw materials, milling media and media size, milling time, milling speed and temperature 
of milling. Better controlled combinations of variables can result in a better milling effect, as 
expected. With the development of nanotechnology, more novel technology will be developed and 
applied in high-energy milling to meet the higher demand for milling process and products in 
laboratory size or production size, while being more energy efficient and economical.73 
 
2.3.2 Continuous Stirred Bead Mill 
Media mill is a kind of high-energy mill using grinding balls or beads to break down large particles. 
Stirred ball/bead mills, which can be operated under wet or dry conditions, consist of a cylindrical 
milling chamber with agitator shaft and multiple impellers. The milling chamber is water-jacketed 
for cooling or heating. Unlike the conventional ball mills, there is not much power wasted in 
rotating or vibrating the heavy and big grinding chamber. The stationary chamber and rotating 
stirrer provide a more direct means of transferring energy, so as that the power is more efficiently 
used for the milling process itself. High-energy media milling has been recognized as an effective 
method to produce very high shear stress and then realize efficient particle size reduction.74 
The main difference between stirred ball mills and stirred bead mills is the media size so that stirred 
bead mills can be operated at a higher rpm using media with a smaller size. This thesis will focus on 
the application of stirred bead mills, which are primarily operated under wet conditions. In this 
process the material (or materials) to be milled is suspended in an appropriate solvent first and then 
fed into the mill. After milling, the suspension is collected and dried to recover nanoparticles if 
necessary.75 In stirred bead mills, the selection of milling media (type, size, hardness, etc.), and 
media-to-material ratio are very important variables that must be controlled carefully. Material 
selection of milling media includes the milling chamber and beads.71,76 Selection of milling beads 
depends on several factors. For example, milling beads should have higher density than raw 
material to mill. Smaller milling beads are used for ultra- fine final particles. The choices of milling 
media for stirred bead mills include stainless steel beads, carbon steel beads, etc. (for milling 
metallic materials) and alumina, glass beads, zirconium oxide beads (for milling non-metallic 
materials). The model of a stirred bead mill chamber is shown in Fig. 2-3.77 
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Figure 2-3. Model of a stirred bead mill chamber. 
 
The stirred bead mill can be operated in continuous mode, in which there is a combination of a 
milling chamber and a holding tank. The volume of the holding tank is several times larger than that 
of the milling chamber. As the volume of the milling chamber is limited, the usage of a holding tank 
can increase the volume of the milling material and therefore batch size, so that the suspension can 
be pumped into the chamber to mill using a relatively small investment of milling media and then 
delivered back to the tank for stirring. The continuous stirred bead mill can provide a high 
circulation rate and it is designed for the production of large quantities of material.71 The other 
advantage of it is that additional materials can be added into the tank at any point during the milling 
process.73 This is very useful and convenient for the introduction of chemical reactions or interfacial 
modifiers during the milling process. 
 
The main stress types applied in the stirred bead mill include impact action, abrasion force and 
shearing force between the beads, container wall, agitator shaft and impellers.78,79 A high stirring 
velocity can be regarded as a feature of stirred bead mills.69 This design takes advantage of the very 
high shear forces imparted, as it has been established that shearing force is the more dominant 
mechanism in stirred bead mills, while in comparison, impact and abrasion forces are usually 
dominant in other types of mills. Moreover, the milling chamber is usually set up where the agitator 
shaft is parallel to the horizontal plane. The milling material and milling beads are lifted by stirring 
impellers and then fall with gravity and collide against the bottom of the chamber wall, which can 
increase the impact applied on the milling material. Thus, the size reduction efficiency is very high 
while the energy consumption is relatively low, and larger quantities of hard-to-mill materials, 
Circulating Water 
Agitator Shaft 
Milling Beads 
Impellers  
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including metal oxides and layered silicates can be milled in a stirred bead mill in batches, either 
with a small closed system, or alternatively with a reservoir circulation system. Stirred bead mills 
are available in lab scale and right up to very large commercial scale, as used by the minerals 
industry these days for rare, difficult to extract ore bodies. 
 
2.3.3 Application of High-energy Milling in Clay Science 
High-energy milling has traditionally been used in metallurgy as a mechanical preparation 
technique. A range of metal oxide nanopowders, nanoparticles and nanocomposites have been 
produced by high-energy milling.3,80,81 For example, TiO2 powders prepared by high-energy milling 
demonstrated increasing active surface area and decreasing particle size with increasing milling 
time.82 As ceramic particulates, layered clays are usually milled using zirconium oxide balls/beads. 
In recent years, several kinds of layered clays have been subjected to high-energy milling under 
several conditions, and the resulting structural changes have been characterized and reported.83,84 
However, only very few reports are related with stirred media mill. It is reported that exfoliated Mg-
fluorohectorite nanoparticles with high aspect ratio at the micron scale were produced by reducing 
the number of layers each clay particle contained via stirred ball milling, compared with the original 
synthetic clay.85 Stirred media milling has also been utilized to disintegrate talc aggregates into 
individual platelets for further fabrication of nanocomposite talc hybrid films.86 Most of the reports 
have focused on the utilization of planetary ball mills. Planetary ball milled Ca-Mt revealed a 
reduction of the d001 lattice spacing and degree of crystallinity.
6 Ca-Mt was also successfully 
modified with anionic and nonionic surfactants using planetary ball milling under dry conditions.87 
Nanoparticles of organo-Mt with a narrow particle size distribution were produced using high-
energy ball mill under different conditions, and in combination with ultrasonication.88 The 
significant alteration in structure and physical properties owing to reduction of aspect ratio induced 
by planetary ball milling was demonstrated for Mt, kaolinite, mica, beidellite and ripidolite, where 
these minerals showed increases in the specific surface area, cation exchange capacity (CEC) and 
electrophoretic mobility with concomitant decreases in particle size.74,89 Most of the above structure 
changes were characterized using SEM and/or TEM. High-energy milling also reveals great 
potential to introduce the clay particles into different polymer matrixes to improve physical and 
mechanical properties. A ball mill was employed to improve the clay dispersion in 
polypropylene/Mt-based compounds coupled with melt-compounding as a second dispersion 
stage.90 Furthermore, It is reported that poly(e-caprolactone)-starch-Na+-Mt composites with good 
dispersion of clay nanoparticles into the polymer blends were prepared using a centrifugal ball 
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mill,91 and the shearing force on epoxy/Mt solution by ball milling promoted the exfoliation of Mt 
layers and their homogeneous dispersion in epoxy matrix.92 
 
2.4 Polymer/clay Nanocomposites 
2.4.1 Introduction 
Among all of the potential polymer nanocomposite fillers, layered clays have arguably been more 
widely investigated than any other polymer nanocomposite systems over the past twenty years. This 
is due to their special platelet structure with high specific surface area and CEC, availability in large 
quantities, high aspect ratio and ease of surface modification. However, the properties of 
polymer/clay nanocomposites highly depend on four major parameters: (a) the aspect ratio of clay 
nanoparticles, (b) the degree of dispersion of clay nanoparticles in the polymer matrix, (c) the 
nanoparticle alignment and orientation, and (d) polymer-polymer and polymer-nanoparticle 
interfacial interactions. The control and the optimization of these factors are essential in the ongoing 
development of competitive polymer/clay nanocomposite technologies that offer a true value 
proposition in an increasingly competitive nanotechnology marketplace for “functional 
nanofillers”.93 Especially, controlling the dispersion of clay particles in the polymer matrix using 
industrially-acceptable processing methodologies is challenging, as it is always difficult to 
overcome the tendency of the particles to agglomerate. It is well known that direct blending to 
prepare polymer/clay nanocomposites often leads to inhomogeneous mixing. When the clay 
particles are dispersed into a host polymer, depending on the extent of compatibility between the 
polymer matrix and clay particles, three different systems can be generated as shown in Fig. 2-4.15 
The phase separated system is regarded as a conventional microcomposite, and in this case, the 
polymer matrix and clay particles are immiscible. In the intercalated system, one or more molecular 
layers of polymer intercalate the interlayer spacing of clay particles. But the increase in properties is 
limited as the contact surface area between the polymer matrix and the clay particles, and therefore 
stress transfer from matrix to filler, are not increased sufficiently. In the exfoliated system, the 
layered structure of clays can be exfoliated into isolated, discrete platelets which are properly and 
uniformly dispersed throughout the polymer matrix. With this, comes more surface area exposure 
and larger “effective aspect ratio”, and a significant increase in nanocomposite properties can be 
achieved in this case, generally also at lower nanofiller loading. In most practical cases, however, 
polymer/clay nanocomposites have a mixture of the above structures.  
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In summary, it is advantageous not only to separate clay aggregates into particles but also to 
separate clay particles into individual platelets. Well-compatibilized and exfoliated clay platelets 
have the potential to reinforce across very large interfaces in these nanocomposites. With the 
number of reinforcing ingredients increasing significantly as each clay particle contains up to 
hundreds, if not thousands of platelets, the properties of individual clay platelets can function more 
effectively and efficiently in the matrix. Therefore, it is extremely important to perform detailed 
quantitative characterization on the state of dispersion and extent of exfoliation of the clay particles. 
TEM, WAXD, small angle X-ray scattering (SAXS), infrared spectroscopy, permeability 
measurement, nuclear magnetic resonance (NMR), etc. are generally utilized to characterize the 
state of dispersion and nanostructure in polymer/clay nanocomposites.94 Due to the molecular- level 
interactions between the two components and nanoscale dimensions, a relatively low loading (0.5-
5%) of layered clays in the polymer matrix can produce unique characteristics and dramatic 
reinforcement to the engineering properties of nanocomposites, including higher tensile strength, 
Young’s modulus, scratch and mar resistance, heat resistance and part dimensional stability, creep 
and shrinkage resistance, and lower gas permeability, etc.16,29,95 However, the optical properties of 
the polymer can be preserved, particularly when colourless synthetic clays are employed, as the 
thickness of an individual clay platelet is much smaller than the wavelength of visible light (about 
390~700 nm). This has shown to be important when layered clays are well exfoliated in the 
polymer matrix, and for applications where transparent polymer/clay nanocomposites are 
required.16,96  
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Figure 2-4. Models of different types of composite arising from the interaction of clay particles and 
polymers: (a) phase separated microcomposite; (b) intercalated nanocomposite and (c) exfoliated 
nanocomposite. 
 
2.4.2 Preparation and Application of Polymer/clay Nanocomposites 
Two important interrelated characteristics of layered clays must be considered for preparing 
polymer/clay nanocomposites. One is the ability of layered clay particles to exfoliate into individual 
layers. The other is the ability to adjust the surface chemistry by ion exchange reactions. In their 
pristine state without modification, hydrophilic layered clays containing Na+ or K+ ions are only 
compatible with very limited hydrophilic polymers, such as poly(vinyl alcohol) (PVA), 
poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO).97,98 In most cases, the polymer matrix 
is either moderately (e.g., polyamide or polyurethane) or strongly hydrophobic (e.g., polyethylene 
or polypropylene), and so directly incompatible with hydrophilic layered clays. If processed without 
compatibilization, this leads to a conventional immiscible microcomposite with poor mechanical 
and thermal properties, as mentioned above. Therefore, in order to promote or tune the 
compatibility between hydrophilic layered clays and a more hydrophobic polymer matrix to enable 
superior dispersion, the surface of pristine layered clays need to be modified with organo-modifiers. 
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Usually, the hydrated ions in the interlayer space are substituted by organic cations to prepare 
organoclays with a more organophilic surface.15,90,99 Alkylammonium or alkylphosphonium salts 
has been by far the most commonly used cationic surfactants. By changing the length or type of 
alkyl chain or adding some polar groups, the hydrophobicity and other characteristics of pristine 
layered clays can be adjusted. These long chain surfactants with specific functional groups not only 
lower the surface energy of the inorganic host and promote the compatibility between clay particles 
and polymer matrix, but also expand the interlayer distance thus decreasing the interactions between 
adjacent layers, contributing to the ease of nanolayer exfoliation and the more uniform dispersion of 
clay nanoparticles in the polymer matrix. The schematic illustration of ion exchange surface 
modification is shown in Fig. 2-5. Thus, a wide range of organoclays has been synthesized and 
characterized with the aim of preparing new clay/polymer nanocomposites under different 
conditions. 100,101,102 
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Figure 2-5. Organo-modified layered clays with expanded interlayer spacing by means of ion 
exchange reactions. 
 
Melt processing, solvent casting and in situ polymerization are the three generally used procedures 
for incorporating clay particles in a finely-dispersed manner into the polymer matrix and then 
forming polymer/clay nanocomposites, which is also shown in Fig. 2-4. Melt processing is a simple 
mix-and-heat process. Clay particles are mixed with polymer in the molten state, usually under high 
shear, and the polymer is able to intercalate the interlayer space. Shear flows and high melt 
viscosities encountered using common compounding equipment assist in the mixing of polymer and 
clay particles. No solvent is required in this processing methodology and it is also readily scalable 
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to tonnage quantities, often through the preparation of a compounded concentrate or “masterbatch” 
which is then diluted at the final compounding step, much like a colour additive, to reduce bulk 
density, handling and safety of the nano-additive and to allow for more convenience in the supply 
chain. It is compatible with current industrial processes, such as extrusion and injection molding, 
being environmentally friendly and is therefore among the most attractive approach for commercial 
applications.97,103,104 Solvent casting is also called solvent processing or solution intercalation. It is 
the oldest technology in plastic films manufacturing. Clay particles are swollen and dispersed in a 
suitable solvent. Meanwhile, the polymer is dissolved in the same solvent or a solvent miscible with 
the first. Then they are mixed together to generate a homogenous dispersion. Uniform mixing of the 
polymer matrix and clay particles having strong interaction between individual clay layers and 
macromolecules can be obtained upon the evaporation of  solvent.105 The driving force for the 
intercalation of the polymer into the interlayer space of clay from solution is the entropy gained 
from desorption of the solvent molecules, which compensates for the decreased entropy of the 
confined intercalated chains.1,106 When the solvent is evaporated, the intercalated structure is 
remained, which results in the final nanocomposites. During the evaporation process, the planar 
reorientation of the polymer with their primary chain axes is performed, while there are 
evaporation-induced weight loss and accompanying reduction in thickness.107 This method is ideal 
for producing thin films possessing uniform thickness distribution, excellent dimensional stability 
and optical purity.108 But it is not preferred for a large-scale processing due to the large amounts of 
solvent used. As a result, solvent casting is limited to academic research. It was investigated that 
solvent polarity was more important than the other parameters including temperature, time, 
concentration of polymer/clay in solvent, etc.109 This method in particular has been widely used 
with hydrophilic polymers because of the low cost of using water as a solvent without high health 
and safety risks. For in situ polymerization, the monomer is inserted into the interlayer space of the 
layered clay first, and then the clay layers are expanded and dispersed into the polymer matrix by 
polymerization initiated by heat, radiation or suitable initiators. The in situ polymerization 
technique has been found to be most effective in the preparation of a variety of thermoset polymer 
matrix nanocomposites.109,110 
 
In seminal work, Toyota researchers were the first to successfully demonstrate the significant 
improvements possible with respect to conventional composites by producing polyamide 6-
organoclay nanocomposites for structural applications in vehicles with greatly enhanced mechanical 
and thermal properties.111 Since then, extensive research in this field has been performed throughout 
the world, and layered clays have been incorporated into almost every engineering polymer 
including PVA, PEO, PEG, polyethylene terephthalate (PET),112 polypropylene,113,114 polymethyl 
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methacrylate (PMMA),115 polyurethanes (PU),116 polystyrene,117 epoxys, polyesters, polysiloxanes, 
nitrile rubber, etc.16,48 Extensive research work has been carried out to investigate the effect of 
various clay nanoparticles as nanofillers in different types of polymer matrices. There are several 
general reviews about preparations, characterizations and development of polymer/clay 
nanocomposites.4,15,16,48,99,118,119 A number of current and potential applications of polymer/clay 
nanocomposites are also reported and they reveal the enhancement of properties including barrier 
properties, flame retardation, electrical conductivity, etc.120,121  
 
2.5 Nacre-like PVA/clay Nanomaterials  
2.5.1 Polyvinyl Alcohol (PVA)  
Polyvinyl alcohol (PVA, sometimes referred to as PVOH) is a colourless, tasteless, water-soluble 
polymer. PVA has a relatively simple chemical structure as its idealized formula is [CH2CH(OH)]n., 
and typically it has a molecular weight of between 26300 and 30000. Unlike other polymers that are 
polymerized from monomers, PVA is produced by dissolving polyvinyl acetate in an alcohol with 
an alkaline catalyst. The resulting hydrolysis reaction removes the acetate groups from the 
polyvinyl acetate molecules without damaging their long-chain structure. The hydrolysis reaction 
does not have a 100% completion resulting in a certain degree of hydrolysis of PVA. According to 
the degree of hydrolysis, PVA can be classified into two classes. Fully hydrolyzed PVA is highly 
soluble in water as a result of the complete removal of acetate groups; but on the other hand, 
partially hydrolyzed PVA can be more soluble in certain organic solvents.122 Thus the physical 
characteristics and specific functional applications of PVA are dependent on molecular weight 
(degree of polymerization) and the degree of hydrolysis.123,124  
 
Owing to the strong hydrogen bonding between hydroxyl groups, PVA has properties such as high 
water solubility, a wide crystallinity range, and a high crystal modulus. Transparent films can be 
obtained on drying the PVA solution. This polymer is the most commercially important water 
soluble plastic. Since first commercial use in Germany in the 1920s, PVA has numerous 
applications including paper coating, textile sizing, medical, cosmetic, food, pharmaceutical and 
water-soluble film for adhesives and packaging industries.125 Especially, PVA films exhibit 
excellent barrier properties as well as low environmental impact for food packaging systems. These 
applications stimulate an interest in improving specific properties of PVA and developing PVA 
based nanocomposites.  
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2.5.2 PVA/clay Nanocomposites 
Gas barrier polymer films have wide applications especially in food packaging. As a highly polar 
polymer, PVA has the best gas barrier property among mass-produced polymers, but its hydroxyl 
groups lead to poor resistance to water.126 Also in its pure form, PVA has some limitations 
including insufficient mechanical properties, low heat stability, poor resistance in solvents and anti-
aging behaviour, which restrict its applications in many fields. Thus, PVA based nanocomposites 
provide an efficient approach to improve mechanical, thermal, and gas barrier properties, while 
retaining the optical clarity of PVA.93 Plate- like nanomaterials including inorganic or organo 
layered clays, graphene oxide have been used in the preparation of PVA/clay nanocomposites for a 
variety of applications. 126,127 Hydrogen bonds can be formed between hydroxyl groups of the PVA 
and the negatively charged surface of layered clays. However, relatively poor miscibility of 
inorganic layered clays in water limits their homogenous mixing with water-soluble PVA beyond a 
certain composition. Another major drawback in using layered clays as fillers is the undesired sharp 
reduction of plastic yielding of the resulting nanocomposite at higher loading with improving 
strength.128  
 
Intense efforts has been devoted to prepare PVA/Mt (pristine or modified) nanocomposites to get 
better thermal, mechanical and gas barrier prosperities.93,127,129,130 There are three main preparation 
methods: solvent casting, in situ polymerization and layer by layer (LBL) process.93 Solvent casting 
and in situ polymerization have been introduced above. The LBL process is a thin film fabrication 
technique in which a multilayered structure is formed at nanoscale by depositing alternating layers 
of oppositely charged compounds, usually by dipping or spin coating. However, low production 
efficiency and an unavoidably complex assembly process obviously limit the utility of the LBL 
process.  
 
2.5.3 Nacre-like PVA/clay Nanocomposites 
In the nature, there exist biological materials made of inorganic and organic constituents with 
perfect unification of their structure and mechanical properties. These natural materials possess high 
stiffness, strength and especially toughness, coupled with low density, which is difficult to achieve 
in artificial composites or materials.131,132 Nacre, also known as mother of pearl, is one such a kind 
of organic- inorganic staggered composite material, which is part of two-layer system used by 
molluscs to protect them in the ocean environment. The outside layer of the shell is composed of 
large prismatic calcite grains, which have a high stiffness and hardness to prevent penetration into 
the shell. However, brittle failure tends to happen in this layer. Thus, due to the high performance to 
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resist larger inelastic deformations and dissipate most of mechanical energy, the soft and tough 
inside nacre layer is very important to preserve the whole shell structure while the brittle outside 
layer cracks.133 
 
Nacre is composed of an ordered multilayer “brick-and-mortar” structure in which millions of 
aragonite platelets (95%), which is a form of calcium carbonate, stacked on top of each other. This 
multilayer structure is separated by approximately 5% porous organic matrix (conchiolin). Such a 
mixture of brittle platelets and thin layer of biopolymers provides the material with remarkable 
strength and toughness.134 The stiff aragonite platelets serve as the load bearing and reinforcing part 
while energy can be dissipated into the soft, rubbery biopolymer glue.135 This ordered brick-and-
mortar arrangement of organic layers and inorganic platelets is considered as the most essential 
strength and toughness-determining structural feature of nacre.136 It is found that the toughness of 
nacre is three orders of magnitude higher than that of aragonite.137 In the natural environment, this 
complex hierarchical architecture combining hard reinforcing particles and soft toughening phases 
with well-balanced intrinsic dynamics and interactions is formed by self-assembly and slow growth 
in water in a lengthy process.138  
 
Nowadays, the fantastic qualities of these elegant and complex architectures continue attracting 
great interest. It is always a materials-design problem to find a balance between toughness and 
strength, as tough materials are usually weak and strong materials are often brittle.139 In order to 
mimic the designs and structure of nacre materials with the hope of reproducing their fascinating 
properties, considerable effort has been focused on developing nanocomposites via a simple and 
eco-friendly way to uniformly align stiff layered materials within polymers at high volume 
percentages with tough, strong and stiff property profiles.131,138 In recent years, layered clays have 
attracted perhaps the most attention as layered materials in artificial nacre, owing to their abundance, 
low cost and relatively simple preparation. The layered clay platelets offer high strength, and soft 
polymers act as adhesion agents and lubricants to allow some movement between the platelets, 
which remarkably increases the toughness.140 Different kinds of layered clays and polymers mainly 
including PVA and nanofibrillar cellulose have been utilized to prepare nacre- like nanocomposite 
materials. Different from conventional polymer/clay nanocomposites, in which a relatively low 
loading (0.5-5%) of layered clays are used, nacre- like nanocomposites can contain a very high 
fraction of reinforcements with the alternating hard and soft layers, and ideally a well-controlled 
interface between hard and soft phases inducing efficient stress transfer from filler to polymer.141 
Table 2-1 summarizes the recent studies on nacre- like nanocomposite materials based on layered 
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clays. Excellent barrier properties, fire protection properties, etc. in addition to good stiffness, 
toughness and strength have been attained in these artificial nacre materials.  
 
Table 2-1. Summary of recent studies on nacre- like composite materials based on layered clays. 
 
Reference Clays Polymers Method Results and Coments 
Patro et al.141 
Na+ 
Hectorite 
PVA 
LBL self-
assembly 
Structurally ordered LBL films  
exhibit higher tensile strength, 
modulus and toughness as well as 
better thermal properties compared 
with pure PVA and conventional 
nanocomposites. 
Zhu et al.142 Na+ Mt  PVA 
Solvent 
casting 
Clay platelets tend to stack parallel 
with each other forming the brick-
and-mortar structure when clay 
contents are larger than 30 wt%. 
Wang et al.143 Na+ Mt PVA 
Solvent 
casting 
Nacre-like structure is formed with 
high- loading Mt (30-70 wt%) 
demonstrating higher strength and 
Young's modulus compared with the 
random structure at low-loading Mt 
(0-30 wt%). 
Das et al.135 
Mt, Na+ 
Hectorite, 
Na+ 
Saponite, 
Na+ 
fluorohector
ite, Na+ 
tetrasilicic 
mica 
PVA 
Solvent 
casting 
Ultra-stiff materials can be attained 
using the nanoclay with highest 
aspect ratio, while extremely tough 
materials can be attained using that 
with lowest aspect ratio. This is 
owing to the changes in the failure 
mode from platelet fracture to 
platelet pullout, and smaller clay 
platelets have a higher volume of 
polymer adsorbed in the rim areas. 
Moreover, nanoclay with lower 
aspect ratio leads to highest gas 
barrier properties and advanced 
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multifunctional properties in 
thesenanocomposites.  
Ebina et al.144 
Saponite, 
Stevensite 
Carboxymethyl 
cellulose 
sodium salt, 
polyacrylic acid 
sodium salt 
Solvent 
casting 
Carboxymethyl cellulose sodium 
salt enters both the interlayer spaces 
and the edge spaces of layered clays, 
while polyacrylic acid sodium salt 
selectively enters the spaces between 
clay platelet edges. 
Carosio et al.145 Na+ Mt 
Nanofibrillar 
cellulose 
Vacuum 
filtration 
Oriented Mt with numerous 
interfaces provides barrier properties 
and low transverse thermal 
conductivity. The nanocomposite 
with 30 wt% Mt shows superior fire 
protection properties. 
Liimatainen et 
al.86 
Talc 
Nanofibrillar 
cellulose 
Vacuum 
filtration 
Individual talc platelets evenly 
distributed and tightly stacked in the 
nanofibrillar network provide small 
pore size and good oxygen-barrier 
properties. 
Wang et al.146 Na+ Mt 
PVA together 
with 
nanofibrillar 
cellulose 
Solvent 
casting 
The nanocomposite consisting of 2D 
clay platelets and 1D nanofiber has 
an excellent balance of strength and 
toughness with high fatigue life. 
 
Nacre-like nanomaterials are difficult to synthesize as the ordering of organic and inorganic 
materials on several length scales and the associated optimization of the interface are both 
required.140 Among the main preparation method for nacre- like PVA/clay nanocomposites, solvent 
casting is economical and easy to be scaled up with good control of the brick-and-mortar structure, 
and with high performance, though it is somewhat time-consuming. Compared with solvent casting, 
LBL self-assembly is very laborious and hard to scale up, while vacuum filtration is hard to regulate 
the clay platelet content.143 The process of the formation of brick-and-mortar structure in PVA/clay 
nanocomposites via solvent casting is illustrated in Fig. 2-6.1 Layered clay particles are exfoliated 
into single platelets using water in which PVA is soluble. The clay suspension is then mixed with 
the PVA solution and PVA is absorbed onto the clay platelets during the mixing. Water is finally 
eliminated from the polymer/clay complex.  Multiple physical changes happen during the 
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evaporation of water, including weight loss and reduction in thickness as the polymer undergoes a 
planar reorientation of its primary chain axes.147 
 
Clay 
Platelets
PVA
Water Water
+ +
Swelling Solubilization
+
 
Solvent 
Casting
Brick-and-mortar Structure
 
Figure 2-6. Illustration of the formation of PVA/clay brick-and-mortar structure via solvent casting. 
 
As described above, PVA has the best gas barrier property among commodity mass-produced 
polymers. Thus, it is of great advantage to develop PVA/clay nanocomposites with even better 
barrier properties to gas diffusion as well as mechanical properties and thermal stability due to the 
preferred orientation and overlap of the highly anisotropic layered clay platelets, ideally mimicking 
the nacre in brick-and-mortar structure, which is very important in their applications in the 
development of novel packaging materials.39 Layered clay platelets can act as impermeable lamellar 
fillers; form a classical “tortuous diffusion path” for gas molecules travelling in the polymer matrix. 
Multiple layers oriented parallel to the polymer film are assembled by means of dispersing layered 
clays in the polymer matrix, forming complex barriers in the biomimetic brick-and-mortar structure, 
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which increase the difficulty for water vapour or other gases to flow through. In reference to the 
tortuous-path model, the oxygen gas permeability of a film decreases to 1/5 and 1/2400, compared 
with a pure film, containing a 5 wt% and 95 wt% content of inorganic platelets, respectively.147 The 
enhanced gas barrier properties are highly related to the aspect ratio of layered clays and the degree 
of dispersion.148 As a result, thermal stability can also be enhanced in such a brick-and-mortar 
structure. A comparison between the diffusion path of brick-and-mortar structure and that of 
intercalated and exfoliated structure in polymer/clay nanocomposites is illustrated in Fig. 2-7.149  
Exfoliated StructureIntercalated Structure
Brick-and-mortar Structure
 
Figure 2-7. Tortuous diffusion path in different structure of polymer/clay nanocomposites. 
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Chapter 3 - Materials Introduction and Comparison 
 
The materials focused on in this thesis are a series of pristine and organo-modified layered clays. 
Unless otherwise stated, the water use throughout this project was purified using a Milli-Q 
Academic system (Merck Millipore, Merck Ltd., Kilsyth, Australia) (18.2 MΩ·cm at 25 °C). 
 
3.1 Pristine Synthetic Nanoclays  
3.1.1 Fluoromica (Somasif ME100) 
Somasif ME100 (Trade name) is a semi-synthetic non-modified Na+ fluoromica supplied by CBC 
Co. Ltd. (Japan). It is a hydrophilic and swellable 2:1 fluorinated layered silicate obtained by 
heating talcum and Na2SiF6 (10-35 wt%) at high temperature for several hours, and having a CEC 
of approximately 1.1-1.2 meq/g, and an average platelet size of approximately 650 nm (from the 
supplier). Its interlayer spacing (d001) is 0.95 nm, specific surface area is 9 m
2/g, and specific 
density is 2.6-2.8 g/mL.1,2 The chemical formula is Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96.
3 As a 
smectite- like layered clay mineral, Somasif ME100 is similar to naturally occurring Mt. However 
during the synthetic process, the structural OH groups are mostly substituted by fluorine ions, while 
there is a partial substitution of the Mg2+ ions by Na+ ions within the octahedral layers, in order to 
maintain charge neutrality.4 These non-exchangeable Na+ account for about 20-40% of the total Na+ 
in the structure, which means only approximately 75% of CEC may be used.1 This highly 
crystalline Na+-fluoromica exhibits unique interstratification behaviour upon ion exchange and/or 
surface modification in the interlayer spacing due to the heterogeneous charge distribution from 
layer to layer in a highly ordered manner.3 The structure of a fluoromica platelet is displayed in Fig. 
3-1.4  
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Figure 3-1. Model of a fluoromica platelet structure. 
 
3.1.2 Hectorite (Laponite Series & Lucentite SWN) 
In contrast to semi-synthetic clays which are produced by the step-wise modification of clay 
minerals, fully synthetic clays are prepared from a variety of metal oxides providing a suitable 
composition for self-assembly, or nucleation and crystallization.2 Lucentite SWN is such a fully 
synthetic trioctahedral hectorite supplied by Kobo Products Inc. (N.J., USA). To prepare Lucentite 
SWN, aqueous solutions of MgCl2, Na2SiO3, Na2CO3, and Li2CO3 are combined to form a slurry, 
which is then heated under reflux.1 The chemical formula is Na0.33[Mg2.67Li0.33Si4O10(OH)2],
5 and 
the final platelet size is approximately 30-50 nm. The interlayer spacing (d001) is 1.27 nm and CEC 
is 0.65 meq/g.1 
 
Laponite, a sodium magnesium silicate clay, is also a fully synthetic hectorite, consisting of 
nanometric platelets6  and previously supplied by Rockwood Additives, Inc. (now BYK Additives & 
Instruments).7 It is synthesized by combing salts of sodium, magnesium and lithium with sodium 
silicate under suitable hydrothermal conditions. The typical chemical formula of Laponite series is 
Na0.7[(Si8Mg5.5Li0.3)O20(OH)4]. Laponite products with different grade names are produced for 
different purposes, finding a wide range of applications. Laponite RDS contains an inorganic 
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polyphosphate peptizer dispersing agents which retards the formation of a thixotropic gel structure.8 
Laponite RDS has a particle size at about 30 nm with a specific surface area of 330 m2 /g.9 The 
particle size of Laponite WXFP is about 80 nm, and that of Laponite WXFN is about 120 nm. There 
is no particle size criterion for Laponite OG, but it has a specific surface area of 370 m2/g.10 In-line 
with its larger specific surface area compared with that of Laponite RDS, Laponite OG should have 
a particle size no larger than 30 nm. All the Laponite clays are hygroscopic and should be stored 
under dry conditions.  
 
3.1.3 Comparisons among Different Types of Synthetic Clays in Dry Form 
Scanning electron microscopy (SEM), X-Ray diffraction (XRD) and Fourier transform infrared 
spectroscopy (FTIR) were employed for the through characterizations of these synthetic clays. In 
SEM characterization, dry powder samples of each kind of these synthetic clays was blown onto the 
carbon tabs using plastic pipette. All of the specimens were sputter coated with a thin layer of 
platinum. Scanning electron microscopy was performed on JEOL JSM-6610 microscope at an 
accelerating voltage of 12 kV. A Bruker D8 Advance X-ray Diffractometer using Cu Kα radiation 
generated at 40 kV and 30 mA was employed to determine the XRD patterns at room temperature. 
Samples were scanned at 2.4°/min in the range of 2θ = 1°-12° using a step size of 0.02°. The 
infrared spectra were obtained on a Nicolet 5700 FTIR fitted with a diamond attenuated total 
reflection (ATR) accessory. The spectra were recorded from a wavenumber range of between 525 
and 4000 cm-1, and by running 32 scans at a resolution of 4 cm-1.2 
 
The SEM images of a series of synthetic clay powder are displayed in Fig. 3-2. In their dry powder 
form, it is obvious that there are clusters or agglomerates for each kind of clay as a result of strong 
interparticle forces and surface charge. However, small particles can be observed on the surface of 
the agglomerates in each type of synthetic clays, except for Lucentite SWN which seems to be 
highly hydrated. For example, the particle size of some single particles in Somasif ME100 is under 
1 µm which is close to the reported value. In fluoromica, there also exist needle- like particles which 
are tens of micrometers in length and two or three hundred nanometers in diameter. They are of the 
same composition as other particles and this different morphology is due to the local diversity of 
crystallization conditions.2  
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Figure 3-2. SEM images of (A) Somasif ME100, (B) Lucentite SWN, (C) Laponite WXFP, (D) Laponite 
WXFN, (E) Laponite RDS, and (F) Laponite OG. 
 
Layered clays are crystalline materials and X-ray diffraction (XRD) analysis is a technique widely 
used to characterize their structure. For the broader family of clays of 2:1 layer structure, the d-
spacing typically ranges from 0.95 to 1.8 nm or more. The low angle XRD patterns of the 
mentioned synthetic clays are displayed in Fig. 3-3. The fluoromica clay Somasif ME100 shows the 
sharpest diffraction peaks due to the very large platelet size and long-range order. However, the 
A B 
C D 
E F 
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hectorite clays including Lucentite SWN and the Laponite series do not exhibit prominent 
diffraction peaks due to constructive interference as a result of the smaller platelet size and the lack 
of long-range order. According to the X-ray diffraction spectrum of Somasif ME100, the relatively 
weak peak at 9.21° indicates that the interlayer spacing (d001) of fluoromica is 0.96 nm, while the 
intense peak at 7.09° may refer to the interlayer spacing of hydrated layers which will disappear 
when the interlayer water is removed via thermal treatment at 160 °C.4,11 In the hectorite series, by 
contrast there is no remarkable peak in Lucentite SWN and Laponite RDS. Laponite WXFN has a 
slightly sharper peak at 6.96° compared with the other Laponite clays, which indicates the interlayer 
spacing (d001) is approximately 1.27 nm. Accordingly, the diffuse diffraction peak of Laponite 
WXFP is at 6.65° (d001 = 1.33 nm) and that of Laponite OG is at 7.50° (d001 = 1.18 nm).  
 
Figure 3-3. XRD spectra of synthetic clays (Somasif ME100; Lucentite SWN; Laponite WXFP, 
WXFN, RDS, OG). 
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Figure 3-4. FTIR spectra of synthetic clays. 
 
 45 
Fig. 3-4 shows the ATR-FTIR spectra for different types of synthetic clays. The most intensive 
band at 830-1080 cm−1 can be found in all of the clay samples, which refers to Si-O in-plane 
stretching. Also, the band at 1640 cm−1 is associated to the bending vibrations for the inner OH 
groups of interlayer water. The broad band near 3430 cm-1 in hectorite clays is due to H-O-H 
vibrations of adsorbed water, observed less clearly in fluoromica. In some hectorite samples, a 
small shoulder can be observed at 3680 cm-1 assigned to surface OH groups. This weak band may 
consist of the overlapping of two bands at 3675 and 3690 cm-1 corresponding to Si-OH and Mg-OH 
stretching vibrations, respectively.12 In contrast, there is a band at 3630 cm-1 in fluoromica, which is 
assigned to OH stretching of structural OH groups from octahedral sites, partly overlapped by the 
H-O-H vibration peak in hectorite clays.  In fluoromica, the band attributed to Si-O out-of-plane 
bending is at 698 cm-1, while this band in hectorite clays can be found at 709 cm-1. The spectra of 
hectorite clays contain a band at 645 cm-1 due to OH bending vibration from adsorbed water.13-15 In 
some samples, there exists a band at about 790 cm-1, which may due to inclusions of a disordered 
platy form of tridymite from quartz admixtures.16 The increase of intensity at 1640 cm-1 and 3430 
cm-1, and the emergence of band at 645 cm-1 in hectorite clays compared with the fluoromica, 
indicate that hectorite clays may have stronger ability to adsorb water, as related to their higher 
specific surface area due to their smaller platelet size.  
 
3.2 Organo-modified Fluoromica 
3.2.1 Modification Methods  
The modifiers used for Somasif ME100 fluoromica are choline chloride (CC) and oleyl bis(2-
hydroxyethyl) methyl ammonium chloride (commercial name Ethoquad O-12), the structures of 
which are shown in Fig. 3-5. CC has very limited contribution to the expansion of interlayer space 
due to its short chain length, but it presents a polar hydroxyl end group to maintain a degree of 
hydrophilicity. Ethoquad O-12 has an amphiphilic structure containing a long C18 aliphatic chain 
with short hydrophilic components on the head group. The long aliphatic chain would not only 
increase the compatibility with hydrophobic polymers but also contribute to the expansion of 
interlayer space. At the same time, the two ethoxy groups to the head group promote its interaction 
with hydrophilic components closer to the silicate surface.17 
 
The clay modification with dual surfactants was carried out by replacing its Na+ with quaternary 
alkylammonium groups from CC and Ethoquad O-12 via an ion-exchange process in an aqueous 
solution. ME-Cmod consists of Somasif ME100 modified with 75 wt% CC and 25 wt% Ethoquad 
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O-12. Surfactants were mixed and stirred with10 wt% ME100 in MilliQ water at 60 °C for 5h. 
Sequential washing and centrifugation were used to remove the unbound surfactant. Then the 
modified fluoromica was dried in a vacuum oven at 60 °C, ground and jet-milled to return to a 
powder form. ME-Cmod powder was also produced in this way. The preparation method for ME-
Emod is similar to this one; the only difference is that the ratio of modifiers used for ME-Emod was 
25 wt% CC and 75 wt% Ethoquad O-12.  
 
              
 
Figure 3-5. The structures of (A) CC and (B) Ethoquad O-12. 
 
3.2.2 Comparisons between Pristine and Modified ME100 
XRD and FTIR characterization on modified ME100 were carried out using the same method as 
that on synthetic clays. The XRD spectra of pristine and modified ME100 are displayed in Fig. 3-6. 
The intercalation of organic chains into the interlayer space leads to an increase in interlayer 
spacing, which can be revealed by a shift of the diffraction peak toward lower angles in the spectra. 
After modification, the long-chain alkylammonium ions have been intercalated between the layers. 
In ME-Cmod, the interlayer spacing is increased to 1.40 nm (2θ = 6.32°). A small shoulder at 7.07° 
related to the interlayer spacing of hydrated layers can still be observed, as a result of more 
hydrophilic CC in ME-Cmod. A very broad peak between 3°-5° indicates the expanded interlayer 
spacing caused by intercalated long-chain Ethoquad-O12. In ME-Emod, more than one peaks 
related to the interlayer spacing are exhibited, which reflects the variety of the interlayer spacing in 
the modified fluoromica as ME-Emod contains more long-chain Ethoquad O-12. These diffraction 
peaks are at 6.36° (d001 = 1.39 nm), 4.16° (d001 = 2.12 nm), 3.62° (d001 = 2.44 nm) and 1.98° (d001 = 
4.46 nm). However, no peak related to the interlayer spacing of hydrated layers can be observed. 
This implies that the water adsorbed in the interlayer space seems to be affected by the surfactant 
ratio between CC and Ethoquad O-12. ME-Emod containing more long-chain Ethoquad O-12 tends 
to be more hydrophobic than ME-Cmod. Furthermore, these multiple peaks in ME-Emod spectrum 
are due to the long range registration and interstratified superstructure of fluoromica, which 
originates from the inherent charge heterogeneity. This charge heterogeneity may lead to different 
B A 
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surfactant arrangement including mono- layer, bi- layer, pseudo-trilayer or even paraffin arrangement 
as different amounts of surfactant chains can intercalate the fluoromica layers.3,18  
 
Figure 3-6. XRD spectra of pristine and modified ME100. 
 
Fig. 3-7 shows the FTIR spectra for pristine and modified ME100. With the introduction of organo-
modifiers, no change in the position of the main peak (Si-O in-plane stretching) is observed. In the 
spectra of modified ones, there turn up three new bands which seem to be related to the modifiers. 
The bands at 2930 and 2855 cm−1 are associated to the aliphatic C-H asymmetric and symmetric 
stretching vibration respectively, while aliphatic C-H bending vibration can be observed at 1465 
cm−1.19 This implies that exchangeable sodium ions in the interlayer space have been replaced by 
alkylammonium ions. Surface modification has led to reduced adsorbed water content, in reference 
to the decrease of peak intensity at 1640 cm−1 associated to the bending vibrations for the inner OH 
groups of interlayer water. The disappearance of the bands at 3630 cm−1 indicates that OH groups 
coordinating mainly Mg2+ in the octahedra are released, which might be related to the charge 
balancing after modification. 
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Figure 3-7. FTIR spectra of pristine and modified fluoromicas. 
 
3.3 Conclusions 
Primary characterizations were performed on all of these synthetic layered clays including 
fluoromica and hectorite. They all have an intact and swellable 2:1 layered structure. Among them, 
synthetic fluoromica Somasif ME100 exhibits the largest aspect ratio of single platelet and long-
range order. As will be communicated in later chapters, this candidate is particularly appealing to 
employ for the production of a series of fluoromica fractions of controlled aspect ratio by reducing 
the major diameter of the planar platelet using aqueous high-energy milling. Moreover, long-range 
order of organo-modified fluoromica can be simply produced owing to the high aspect ratio and 
CEC of Somasif ME100. These organo-modified fluoromica can also be fractionized via high-
energy milling. Organo-modified ME100 of controlled aspect ratio would enable many systematic 
studies to be performed in order to better understand the effect of increased aspect ratio in a range 
of polymer-organoclay nanocomposite systems, and so potentially enable new applications. 
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 Chapter 4 - Fluoromica Fractions with Controlled Aspect Ratio for 
Fundamental Biology-toxicity Study 
 
4.1 Introduction 
In this chapter, a lab-scale high-energy bead mill was used for the reduction of aspect ratio of 
Somasif ME100 fluoromica. Different size fractions were produced via centrifugation techniques. 
The particle sizes distributions of a series of large fractions produced at lower centrifugal speeds 
were characterized using dynamic light scattering (DLS). Then, a smaller size fraction of high-
energy milled ME100 was produced by employing a higher centrifugal speed and longer 
centrifuging time and this fraction was characterized using transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM). Microscopy characterization and specimen preparation 
methods were developed and optimized to yield better insights into the changes in morphology of 
ME100 particles after high-energy milling, and to more accurately determine the statistical 
reduction of platelet aspect ratio. A series of well-characterized fractions of high-energy milled 
fluoromica using different centrifugal speeds were provided for testing the influence of aspect ratio 
of layered clays on bio-toxicity. The Section 4.4 of bio-toxicity studies in this chapter is based on 
Tee, N., Zhu, Y., Mortimer, G.M., Martin, D.J., Minchin, R.F. Fluoromica nanoparticle cytotoxicity 
in macrophages decreases with size and extent of uptake. International Journal of Nanomedicine 
2015, 10, 2363–2375. 
 
4.2 Preparation of Fluoromica Fractions Using High-energy Milling 
4.2.1 High-energy Milling Conditions at Lab Scale 
High-energy milling was carried out in a laboratory agitator bead mill LabStar® developed by 
Netzsch Group, Germany with a circulation system, in which a stirring tank is connected to the 
milling chamber. The schematic diagram of the experimental set-up of the milling system is 
provided in the Appendix. The milling media is 0.4 mm ZetaBeads® purchased from Netzsch Group, 
which are spherical beads composed of 94 wt% ZrO2 + HfO2, 5 wt% Y2O3 and 1 wt% other 
materials. ZetaBeads® have a density of 6.0 kg/L and a high bulk density of 3.6 kg/L with a young 
modulus > 200 GPa and a Vickers hardness > 1100 HV (from the supplier). The mill setting details 
are displayed in Table 4-1. 3 L of deionized water was poured into the stirring tank first and then 
100 g ME100 powder as received was slowly added and dispersed in water under stirring. The 
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dispersion containing approximately 3.3 wt% ME100 was pumped from the tank into milling 
chamber at a bump speed of 60 rpm. After being milled in the chamber at a mill speed of 1250 rpm, 
the dispersion was delivered back to the stirring tank through a sieve which prevented milling beads 
leaving the chamber. 0.4 L of ZetaBeads® was employed for milling. Thus bead to powder mass 
ratio during the milling process was approximately 14.4:1. Both of the milling chamber and the 
stirring tank were cooled with circulating water during operating so as that the milling temperature 
was controlled around 33 °C throughout the 4 hour continuous milling process. The milled ME100 
suspension was collected and stored in glass bottles for further use.  
 
Table 4-1. Milling conditions for ME100. 
 
Mill              
Parameter 
Netzsch laboratory agitator bead mill LabStar® 
Clay Fluoromica Somasif ME100 
Weight of powder (g) 100 
Water volume (L) 3 
Pump speed (rpm) 60 
Mill speed (rpm) 1250 
Beads 0.4 mm ZetaBeads® 
Loading of beads (L) 0.4 
Filling ratio of beads 100% 
Bead to powder ratio 14.4:1 
Water temperature (°C) 33  
Run time (hr) 4 
Power input (kW) 2.86 
 
4.2.2 Centrifugation Methods for Fractionation 
10 mL of high-energy milled ME100 suspension were collected and added into 40mL water to 
prepare a series of large size fractions at relatively low centr ifugal speeds. The diluted suspension 
was then poured into a 50mL centrifuge tube. Coulter Allegra® X-15R centrifuge (Beckman Coulter 
Inc, Brea, CA, USA) with an SX4750 rotor was employed for low-speed centrifugation. The 
suspension was centrifuged at 500 rpm for 10 mins, and from this the supernatant was collected in 
another tube and the sediment was re-suspended to 50 mL with water and this specimen was 
labelled as “500 rpm”. Then the supernatant was added to 50 mL with water and centrifuged at 
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1000 rpm for 10 mins. The sediment was re-suspended to 50 mL with water, as before, and this 
specimen was labelled as “500-1000 rpm”. This method was continued for other centrifugal speeds 
step by step. Suspensions of different size fractions were produced and labelled as Fraction A - 500 
rpm, Fraction B - 500-1000 rpm, Fraction C - 1000-1500 rpm, Fraction D - 1500-2000 rpm, 
Fraction E - 2000-2500 rpm, Fraction F - 2500-3000 rpm, Fraction G - 3000-3500 rpm, Fraction H - 
3500-4000 rpm, Fraction I - 4000-4500 rpm and Fraction J - 4500 rpm.  
 
On the other hand, an amount of milled ME100 suspension was collected and centrifuged at 4750 
rpm (5250 × g) for 10 min. The supernatant was collected and centrifuged again at the same speed 
at 20 min and then again for 30 min using Coulter Allegra® X-15R centrifuge with an SX4750 rotor. 
The supernatant was collected and centrifuged again at 20000 rpm (48400 × g) for 30minutes, twice, 
using an Avanti® J-25I high-performance centrifuge (Beckman Coulter Inc) with a JA-20 rotor, the 
final supernatant was and labelled as Fraction S - 20000 rpm as the smallest fraction. A small 
amount of supernatant was dried and weighed to obtain the concentration of the suspension which 
was approximately 0.60 mg/mL.  
 
4.3 Optimization of Microscopy Characterization 
4.3.1 DLS Measurements on a Series of Large Size Fractions 
DLS is a widely used technique to determine the particle size distribution of nanoparticles in a 
suspension. A Malvern Nanosizer (Malvern Instruments, Malvern, U.K.) was employed to analyze 
the hydrodynamic size and size distribution of high-energy milled ME100 fractions obtained from 
the different centrifugal speeds. Aqueous dispersions of these ME100 fractions were well-dispersed 
using ultra-sonication for at least 30 minutes and then transferred into a 0.75 mL clear capillary zeta 
cell. The measurements were performed three times at 25 °C for each sample. The different 
hydrodynamic sizes of each ME100 fraction were reflected as Z-average diameters assuming a 
spherical shape, which are displayed in Fig. 4-1, as well as the intensity size distribution of Fraction 
J - 4500 rpm.  
 
From Fig. 4-1 a general trend can be observed where a gradual decrease in the Z-average diameters 
of the high-energy milled ME100 fractions was associated with increasing applied centrifugal speed. 
This clearly indicates that different size fractions of ME100 after high-energy milling could be 
separated by using different centrifugal speeds. According to the experimental reports from the 
Nanosizer instrument, a fraction of large agglomerates was present in most of these fractions as the 
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polydispersity index was very high, especially in the very first Fraction A of which the Z-average 
diameter was almost 3 µm. As ME100 particles are composed of stacked platelets and possess very 
thin thickness of about several nm when dispersed in water, there are obviously some limitations to 
measure the accurate planar diameter of ME100 particles by using DLS. DLS is more suitable for 
the measurement of the hydrodynamic diameter of spherical particles, and this limitation will be 
reported in the next chapter. However, to a certain extent, we can get some “inspirations and ideas”, 
if not estimates, from the DLS results. The concentration of each sample should be controlled at an 
appropriate value and large agglomerates need to be removed to increase the stabilization of the 
homogeneous dispersion of clay particles in water. To generate a data set largely free of 
agglomerated particulates, the data suggests that the starting centrifugal speed should be set at 1500 
or 2000 rpm. Referring to the intensity size distribution of the Fraction J as the supernatant 
collected after being centrifuged at 4500 rpm and displayed in Fig. 4-1, the DLS data for this 
specimen met the quality criteria of the instrument very well and there was a relatively weak peak 
approximately ranging from 50-200 nm. This result implies the successful preparation of ultra-fine 
ME100 particles, similar to commercial-available lower aspect ratio Laponite® fluorohectorite 
synthetic clays, but produced via high-energy milling rather than hydrothermal synthesis. In order 
to attain these ultra- fine high-energy milled ME100 fractions with a narrower size distribution, 
higher centrifugal speed and longer centrifuging time could be necessary approaches, in addition to 
longer milling times and smaller milling media.  
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Figure 4-1. Z-average diameters of high-energy milled ME100 fractions from different centrifugal 
speeds and intensity size distribution of Fraction J. 
 
4.3.2 Microscopy Characterization of the Smallest Size Fraction 
With reference to the DLS results of a series of large size fractions prepared from high-energy 
milled ME100, a new fraction labelled as Fraction S – 20000 rpm was prepared using higher 
centrifugal speed and a longer centrifuging time. To the best of our knowledge, this example 
probably represents the smallest layered silicate size fraction produced via high-energy milling. 
TEM and SEM are regarded as powerful tools to directly visualize the morphology of layered clays. 
Both of them were utilized for the morphological characterization of Fraction S.   
 
TEM Analysis 
TEM was performed on a JSM-1011 transmission electron microscope (JEOL, Tokyo, Japan) 
operating at a voltage of 100 kV. In an attempt to determine the optimal sample preparation 
conditions for electron microscopy, an aqueous suspension of Fraction S at a starting concentration 
of 0.6 mg/mL was diluted 1/2, 1/5, 1/10, 1/20, and 1/30. The resulting concentration of each 
corresponding diluted suspension was 0.3 g/mL, 0.12 g/mL, 0.06 g/mL, 0.03 g/mL, and 0.02 g/mL, 
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respectively. All of the undiluted and diluted suspensions were dispersed well using sufficient ultra-
sonication and vortex mixing, and then a 1 μL single droplet of each suspension was spotted onto 
formvar coated Cu TEM grids and dried under ambient conditions.  
 
    
 
    
 
    
 
Figure 4-2. TEM images of Fraction S prepared at different concentrations (A) 0.6 mg/mL, (B) 0.3 
g/mL, (C) 0.12 g/mL, (D) 0.06 g/mL, (E) 0.03 g/mL and (F) 0.02 g/mL.  
A B 
C D 
E F 
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TEM images of the ultra- fine Fraction S are displayed in Fig. 4-2. Obviously, it is difficult to 
observe single particles clearly in the undiluted suspension due to a high degree of agglomeration, 
as shown in Fig. 4-2 (A). Thus a series of diluted suspension were prepared at lower concentrations 
in order to get better dispersions of the ultra- fine Fraction S on the grids for TEM observation. As 
can be seen in Fig. 4-2 (B) and (C) referring to the diluted suspensions at a concentration of 0.3 
mg/mL and 0.12 mg/mL respectively, there was not much difference in contrast with respect to the 
undiluted sample. In these images, large and obvious agglomerates still persist, and “overlapping” 
fluoromica nanoparticles can clearly be seen. However, in Fig. 4-2 (D), it became possible to see a 
number of very thin, single plate-shaped particles at a concentration of 0.06 mg/mL. Moreover, in 
Fig. 4-2 (E) and (F) associated with the more diluted suspensions at a concentration of 0.03 mg/mL 
and 0.02 mg/mL respectively, Fraction S was dispersed very well in the suspensions so that a much 
larger number of single particles can be seen. Thus, the measurement for the planar diameter of 
ME100 particles became possible in these TEM images. Evidently, and perhaps not surprisingly, 
the success of observation and measurement highly depends on the extent of clay dispersion, 
especially when particles can be exfoliated into single platelets. 
 
SEM Analysis 
An SEM study was performed on a JSM-6610 scanning electron microscope and a JSM-7001F field 
emission scanning electron microscope (FE-SEM) (both from JEOL, Tokyo, Japan). A small 
amount of suspension of Fraction S was collected and vacuum dried, the dry powder was then 
adhered onto a carbon tab with a coating of platinum for SEM observation. Study on the dry powder 
of Fraction S was performed on a JSM-6610 SEM at an accelerating voltage of 12 kV to show the 
altered fluoromica morphology compared to the as-received material previously shown in Chapter 3 
and Fig. 3-2 (A). On the other hand, a diluted aqueous suspension of Fraction S at a very dilute 
concentration of 0.02 mg/mL, as prepared for TEM and described above, was used for FE-SEM 
observation. The suspension was dropped onto a silicon wafer mounted on a carbon tab using a 
small plastic pipette and dried in a vacuum oven at 70 °C overnight. The dried suspension was also 
coated with a thin layer of platinum. Imaging on this dried suspension of Fraction S was performed 
on a JSM-7001 FE-SEM at an accelerating voltage of 7-8 kV.  
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Figure 4-3. SEM images of dry powder of Fraction S.  
 
A well-accepted general method in clay science is to prepare SEM specimens using dry powders  of 
layered clays. SEM images of dry powder of Fraction S are shown in Fig. 4-3. Particles or tactoids 
of unmilled ME100 were broken into smaller particles, and while these particles in Fraction S still 
tended to agglomerate and form clusters, they are clearly not as large as those observed in unmilled 
ME100 when imaged in a similar manner. F laky, plate- like particles of Fraction S can be 
distinguished with contours, while their shape and size distribution are more uniform compared to 
the original sample. However, due to the existence of agglomerates as well as the remnant water 
which can be seen in the centre of Fig. 4-3 (B), clearly these particles do not lie in a common plane 
and the basal planes of these particles are oriented in different directions. As a result, although a 
qualitative degree of size reduction and platelet size distribution can be estimated after high-energy 
milling, it is impossible to accurately and statistically measure the planar diameter of each single 
particle via SEM images. Thus the information obtained from SEM images is very limited. For a 
better observation, the specimen preparation method needs to be further optimised.  
 
        
 
A B 
A 
 
B 
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Figure 4-4. FE-SEM images of Fraction S prepared from dried aqueous suspension on silicon wafer.  
 
Inspired by the TEM images in which nanoparticles were dispersed very well, thus providing a clear 
view of a number of single flat nanoparticles, an even more optimal preparation method for SEM 
samples was considered. As previously described, for TEM specimens, a dilute clay suspension was 
dropped onto a Cu grid. What if this approach could be adapted to prepare SEM specimens so that 
the majority of the platelets would sit flat and not overlap? Thus, in keeping with the very high 
quality of TEM images obtained from Fraction S with a 0.02 mg/mL dilution, this same suspension 
was selected for the preparation of SEM specimens. To avoid the sinking of particles into the 
carbon tab, the suspension was dropped onto a silicon wafer with a flat surface. Once dried, the 
hope was that the nanoparticles of Fraction S could discretely be deposited on the silicon wafer. 
Then the observation was performed on a FE-SEM which could provide a clear view and give more 
important features at very high magnifications. Fig. 4-4 shows the FE-SEM image of Fraction S 
prepared from this dried aqueous suspension. Fig. 4-4 (A) and (B) were captured at an accelerating 
voltage of 7 kV, while Fig. 4-4 (C) was captured at an accelerating voltage of 8 kV.  
 
In comparison, FE-SEM images at different accelerating voltages both provided a direct 
observation of individual exfoliated particles of Fraction S after the delamination of layers. 
According to Fig. 4-4 (A), a large number of single particles could be recognized with very clear 
angular contours. At a higher magnification in Fig. 4-4 (B), the size and shape of each single 
particle was able to be characterized and the threshold of image could be adjusted to an appropriate 
value so as that particle analysis could be performed using Image-J image processing software 
(developed at the National Institute of Health, USA), in which particle contours could be 
automatically traced as shown in Fig. 4-4 (D). Feret's diameter of these particles could be given by 
the software to represent the mean value of the planar diameter of Fraction S. As an example, the 
C D 
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Feret’s diameter calculated from Fig. 4-4 (D) only was 212 ± 80 nm as shown in Fig. 4-5. Moreover, 
with reference to Fig. 4-4 (C) imaged at a higher accelerating voltage, it indicates that the thickness 
of each particle was extremely low due to the successful exfoliation of particles as the background 
could be seen through the particles, and many of these ultra-thin particles could be regarded as 
single platelets. Following this very positive result, it was hoped that this optimized SEM 
characterization approach could be applied to other high-energy milled ME100 fractions, and 
probably also the unmilled ME100 sample. A more detailed measurement of the diamete r of 
Fraction S via TEM and SEM will be introduced in next chapter.  
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Figure 4-5. Feret’s diameter of Fraction S. 
 
4.4 Fluoromica Nanoparticle Cytotoxicity in Macrophages Decreases with Size and Extent of 
Uptake 
4.4.1 Introduction 
Polyurethanes are widely used in biomedical devices such as heart valves, pacemaker leads, 
catheters, vascular devices, and surgical dressings because of their excellent mechanical properties 
and good biocompatibility.1 The addition of layered clay nanoparticles to different polyurethanes 
can form nanocomposites with significantly increased tensile strength and breaking strain.2,3 These 
nanocomposites have the potential to increase the life span of biomedical devices that suffer from 
wear in vivo. However, all polyurethanes exhibit some degree of biodegradation, which would lead 
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to the release of nanoparticles at the site of implantation. Despite the growing use of layered clays 
as drug delivery systems4,5 and in medical devices,2,3 very little is known about how these 
nanoparticles interact with proteins and cells. 
 
The relationship between size and toxicity is, in part, related to the increased surface area and 
reactivity associated with the smaller diameter particles.6-8 Nanoparticles also bind to proteins that 
can enhance or inhibit cell binding and uptake. The accumulation of many nanoparticles into cells is 
central to their biodistribution and removal from the body, as well as many of their unwanted side-
effects. Macrophage cells are of particular interest as they are a major component of the foreign 
body reaction 9 and are known to play a role in the clearance of nanoparticles from the body.10,11 
While there is a number of processes by which cells can internalize nanoparticles,4,12,13 it was 
recently shown that layered clay nanoparticles are taken up by human macrophages via scavenger 
receptor mediated phagocytosis,14 which was dependent on surface protein binding.  
 
Synthetic fluoromicas are high aspect ratio nanoparticles that can impart important property 
changes to polyurethanes including increased tensile and tear strength and toughness without a 
significant increase in hardness or elastic modulus.15 This suggests that nanocomposites containing 
fluoromicas may be useful in the manufacture of implanted devices where strength and durability 
are essential. In the present study, a series of fluoromica nanoparticles with varying platelet sizes 
were generated from the same base material ME10016-20 by high energy milling and differential 
centrifugation. These nanoparticles were then tested in human and murine cells to determine if 
changes in size affected toxicity and/or cell uptake.  
 
4.4.2 Methods  
Particle preparation 
The mill setting details were identical to those described in Chapter 4.2.1. The milled nanoparticles 
were initially centrifuged in an Allegra X-15R with an SX4750 rotor at 5250 × g to remove most of 
the large agglomerates, and then separated by differential centrifugation in an Avanti J-25I, with 
JA-20 rotor at 7700 × g, 17400 × g, 31000 × g and 48400 × g. The pellet from the final 
centrifugation was resuspended and collected as the smallest nanoparticle fraction.  
 
Determination of particle size and surface charge 
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The hydrodynamic diameter and zeta-potential of the nanoparticles were estimated by dynamic light 
scattering and electrophoretic light scattering, respectively. Aqueous  dispersions of milled ME100 
fractions were ultrasonicated in an ultrasonic bath for 30 minutes before use.  
 
Fourier transform infrared spectroscopy 
Fourier transform infrared spectra were recorded using a Nicolet 5700 FTIR spectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) fitted with a diamond a ttenuated total reflection accessory. 
Spectra were recorded from a wavenumber of 525 to 4000 cm-1.  
 
Scanning microscope imaging 
The nanoparticle suspension was diluted to 0.02 mg/mL and ultrasonicated for 30 minutes. A small 
droplet of suspension was placed on a silicon wafer and dried in a vacuum oven for at least 7 hours 
at 70 °C. The sample was then splutter coated with platinum at 15 mA for 50 seconds (Bal-Tec 
MED 020; Leica Microsystems, North Ryde, NSW, Australia). Images were obtained using a JSM-
7001F Field Emission scanning electron microscope (FE-SEM) at different accelerating voltages.  
 
Fluorescent labelling of nanoparticles 
The fluoromica nanoparticles were labelled by intercalation of the cyanine dye, YOYO-1 (Thermo 
Fisher Scientific) as previously described.14 Briefly, the dye was added at a concentration of 2 
pmol/mg of nanoparticles, sonicated (50–60 Hz, for 10 minutes) then incubated at 4 °C for 24 hours 
under subdued lighting. Preliminary studies established the absence of free dye in solution and 
stability of the intercalated dye over the time of each experiment, as outlined elsewhere.14  
 
Cell culture 
Human acute monocytic leukemia cells (THP-1), human cervical adenocarcinoma epithelial cells  
(HeLa), and mouse leukemic monocyte macrophage cells (RAW 264.7) were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, USA) and grown at 37 °C in a 
humidified 5% CO2 atmosphere. THP-1, HeLa, and RAW cells were cultured in Roswell Park 
Memorial Institute 1640 (Thermo Fisher Scientific) supplemented with 5% fetal bovine serum (FBS) 
and antibiotics (50 U/mL penicillin and 50 μg/mL streptomycin).  
 
Differentiation of THP-1 cells into macrophage cells (dTHP-1) was achieved by treating cells with 
100 μg/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich Co., St Louis, MO, USA) for 72 hours 
prior to the start of the experiment. HeLa and RAW cells were plated at 200000 cells/mL 16 hours 
prior to the beginning of the experiment to allow cell attachment. THP-1 cells were grown in 
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suspension, and seeded at 500000 cells/mL immediately before beginning the experiments. When 
different serum conditions were required, adhesive cells were seeded and allowed to attach in 5% 
FBS medium. Immediately prior to starting the experiment, this medium was removed and replaced 
with either serum free medium, or medium containing different concentrations of FBS. 
 
In vitro toxicity of nanoparticles 
Cell viability was assessed by CellTiter 96® AQueous One Solution Cell Proliferation Assay 
(Promega, Madison, Wisconsin, USA) according to manufacturer's instructions. Cells were 
incubated in complete culture medium with nanoparticles at concentrations from 0 - 100 µg/mL for 
24 hours. Time-dependent toxicity was measured after incubation with nanoparticles  at 30 µg/mL 
for 1, 4, 8 and 24 hours. After the incubation period, the assay solution (20 µL/well) was added 
directly to the wells and cells were incubated for a further 30 minutes before absorbance at 490 nm 
was measured in a POLARstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). 
Cell free controls, used to check interference of the assay by the nanoparticles, were performed for 
each study. 
 
Membrane leakage assay 
Cell membrane leakage was assessed by lactate dehydrogenase (LDH) assay of cell supernatants.  
Nanoparticles were added to cells at 30 µg/mL and incubated for 4 hours. Plates were then 
centrifuged at 400 × g for 10 minutes, 100 µL of supernatant was removed and placed in a fresh, 
cell- free 96-well plate. LDH assay buffer (54 mM lactic Acid, 0.28 mM phenazine methosulfate, 
0.66 mM iodonitrotetrzolium violet and 1.3 mM nicotinamide adenine dinucleotide in Tris buffer) 
at pH 8.2 was added to the supernatants. Immediately after addition, absorbance at 490 nm was 
measured, and measurement was repeated every minute for 5 min. Cells lysed with 0.1% TritonX-
100 were used as positive control.   
 
Apoptosis assay  
Apoptosis was determined using fluorescently- labelled annexin V. Although apoptotic and necrotic 
cells normally can be separated using membrane impermeable propidium iodide, preliminary 
studies indicated binding of propidium iodide to the nanoparticles, which interfered with the assay. 
Consequently, annexin V staining was only used with cells shown to have intact cell membranes 
(that is, no LDH release).   
 
Cell staining was performed according to manufactures instructions (Dead Cell Apoptosis Kit with 
Annexin V Alexa Fluor® 488 and Propidium Iodide; Thermo Fisher Scientific). Briefly, cells were 
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incubated with nanoparticles for 4 hours, then washed with phosphate buffered saline (PBS) and 
binding buffer. The cells were then resuspended in 100 µL of binding buffer (100000 cells/mL) and 
incubated with 5 µL annexin V solution for 15 minutes on ice. Each sample was then diluted with 
400 µL of binding buffer and measured by flow cytometry, as described below.  
 
Uptake of nanoparticles into cells  
Association of fluorescently labelled nanoparticles with cells was assessed by flow cytometry and 
confocal microscopy. YOYO-1 labelled nanoparticles were incubated with cells at a concentration 
of 10 µg/mL for 4 hours.  This concentration was chosen as it produced no cytotoxicity within 4 
hours.  Medium was then removed and the cells were washed twice with 1 mL of PBS.  Adherent 
cells were detached with trypsin and gently aspirated to disaggregate cells. Cells were then 
transferred to round-bottom vials (BD Biosciences, San Jose, CA, USA) and diluted to a total of 1 
mL of PBS. RAW cells were washed, as described above, then gently scraped from the surface of 
the culture wells, suspended in 1 mL of PBS by gentle aspiration and placed in round-bottom vials.   
 
Polyinosinic acid, when used to block scavenger receptors, was added to cell culture medium at 100 
µg/mL, 60 minutes prior to addition of nanoparticles.  
 
Flow Cytometry 
Samples were analysed on a BD Biosciences FACSCanto flow cytometer (Becton, Dickinson and 
Company, Franklin Lakes, New Jersey, USA), controlled by BD FACSDiva v5.0.3 software 
(Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA).  Annexin V-FITC and 
YOYO-1 labelled nanoparticles were detected at an excitation of 488 nm and an emission at 530/30 
nm. 
 
Confocal microscopy 
Cells were seeded onto sterile glass coverslips placed at the bottom of 12-well plates (2 mL/well) as 
described above. YOYO-1 labelled nanoparticles were added to the medium at a concentration of 
10 µg/mL for 4 hours. After the incubation period, the cells were washed twice with 1 mL of PBS 
and fixed at room temperature for 30 minutes with 4% paraformaldehyde in cytoskeletal buffer [10 
mM KCl, 600 mM Sucrose, 4 mM ethylenebis(oxyethylenenitrilo) tetraacetic acid, 2 mM MgCl2, 
10 mM piperazine-N,N′-bis(2-ethanesulfonic acid)]. Fixed cells were then washed three times with 
PBS and incubated with Alexa Fluor® 555 Phalloidin (0.165 μM in PBS containing 1% bovine 
serum albumin) for 30 minutes. Stained cells were washed three times with PBS and then mounted 
onto Superfrost slides (Menzel-Gläser, Braunschweig, Germany) using Vectashield® Mounting 
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Medium with 4’,6-diamidino-2-phenylindole (DAPI) (Vector Labs Inc., Burlingame, CA, USA).  
Confocal images were taken on an Olympus BX61 upright confocal microscope equipped with 405 
nm, 473 nm and 635 nm lasers and 430-455 nm, 490-540 nm, and 655-755 nm band pass filters 
(Olympus Corporation, Tokyo, Japan).  
 
One-Dimensional Gel Electrophoresis 
Nanoparticles (100 µg/mL) were incubated with 5%, 40% or 80% FBS in PBS at 37 °C for 1 hour.  
After incubation, particles were separated by ultracentrifugation (200000 × g, 60 minutes, 4°C, 
Hitachi GX series, CS120 GXL; Hitachi, Ltd., Tokyo, Japan), and washed in PBS to remove 
unbound proteins.  The nanoparticles were then mixed with 100 µL of sodium dodecyl sulfate (SDS) 
buffer (2% SDS, 5% β-mercaptoethanol, 10% glycerol and 62.5 mM Tris-HCl) and heated to 95 °C 
for 5 min. These protein samples (40 µL/sample) were separated on a 12% polyacrylamide gel at a 
constant 200V for 45 minutes. Gels were stained with SyPRO ruby (Bio-Rad Laboratories, Inc., 
Hercules, California, USA) at room temperature overnight then washed and imaged in a ChemiDoc 
XRS system using Quantity One 4.5.0 software (both from Bio-Rad Laboratories, Inc., Hercules, 
California, USA). 
 
Statistical analysis 
All results are presented as mean ± standard error of the mean, unless otherwise stated. Significance 
was determined at P < 0.05 using two-tailed Student’s t-test or one- or two-way analysis of variance 
(ANOVA), as required.   
 
4.4.3 Results 
Characterisation of nanoparticles 
Electron micrographs of the different milled fluoromicas are shown in Figure 4-6 (A). The unmilled 
ME100 particles have a high aspect ratio typical of this class of layered clays.21 The platelets 
showed considerable heterogeneity in size and shape. As the particles were milled to smaller sizes, 
they showed greater uniformity and structure. The smallest particles (F-90) consisted primarily of 
nanoparticles approximately 100 nm in diameter, but smaller particles were also evident. The 
hydrodynamic diameters for each of the fractions are shown in Figure 4-6 (B), and were 1000 nm, 
600 nm, 250 nm, 220 nm and 90 nm, respectively. These fractions will be referred to as ME100, F-
600, F-250, F-220 and F-90 from largest to smallest. Some of the nanoparticle fractions were not 
monodispersed. This was particularly evident for the F-90 nanoparticles which showed a second 
 65 
population with a hydrodynamic diameter of approximately 20 nm. Nevertheless, the milling and 
separation process produced four nanoparticle fractions with distinctly different size profiles.   
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Figure 4-6. Characterization of ME100 fractions produced by high-energy milling and differential 
centrifugation: (A) SEM images of the different particle fractions, and (B) Intensity size 
distributions of the milled and unmilled ME100 nanoparticle measured by DLS. 
 
The zeta potential of the largest and smallest particles was compared to determine the effect of 
milling on surface charge [Fig. 4-7 (A)]. The unmilled particles had a zeta potential of -40 ± 7.2 mV 
and this increased slightly to −30.5 ± 0.9 mV in the F-90 fraction. Fourier transform infrared 
spectroscopy was also employed to identify potential changes during milling. The spectra were 
similar to published data20 and were not affected by processing [Fig. 4-7 (B)].  
A 
B 
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Figure 4-7. (A) Zeta potential and (B) FTIR spectra for the largest (ME100) and smallest (F-90) 
particles. 
  
Nanoparticle toxicity 
The cytotoxicity of the different nanoparticles’ fractions was determined after 24 hours exposure to 
concentrations up to 100 μg/mL [Fig. 4-8 (A)].  In the two macrophage lines (dTHP-1 and RAW 
cells), the larger particles showed a dose-dependent decrease in viability, although the murine RAW 
cells appear to be more sensitive. The IC50 concentrations for these particles (ME100, F-600, F250 
and F-220) ranged from 8 to 15 μg/mL in the dTHP-1 cells but were less than 10 μg/mL in the 
RAW cells [Fig. 4-8 (B)]. The smallest particles (F-90) showed little toxicity in the human dTHP-1 
cells and were the least toxic in the RAW cells. For comparison, non-macrophage human HeLa 
cells were also examined [Fig. 4-8 (C)]. The viability profiles were similar to those seen in the 
dTHP-1 cells, although toxicity was considerably less (IC50 = 40-50 μg/mL). 
 
The temporal changes in cell survival for each of the nanoparticles (30 µg/mL) are shown in Fig. 4-
9. For the larger particles, a loss in viability was seen as early as 2 hours following treatment in both 
macrophage cell lines. Again, little or no cytotoxicity was seen with the F-90 nanoparticles in the 
dTHP-1 cells. In RAW cells [Fig. 4-9 (B)], the F-90 nanoparticles caused cell death but at a 
significantly slower rate than the larger particles. By 24 hours, cell viability was similar for all 
particles. The difference in time-dependent toxicity for the F-90 nanoparticles suggested that cell 
death may result from a different mechanism than that with the larger particles.  
 
 67 
 
 
Figure 4-8. Concentration-dependant effects of the various nanoparticle fractions on cell viability 
following 24 hour exposure: (A) dTHP-1 cells, (B) Raw cells, and (C) HeLa cells. Results are mean 
± standard deviation n = 3. 
 
Cell membrane integrity and apoptosis  
To test whether the loss in cell viability at early time points (4 hours) resulted from membrane 
disruption, the release of LDH into the medium was measured. For both dTHP-1 and RAW cells, 
LDH release increased with increasing hydrodynamic diameter [Fig. 4-10 (A)], although this was 
more marked in the RAW cells. In the dTHP-1 cells, release was linearly related to size whereas 
maximal release was seen in the RAW cells for nanoparticle with a mean diameter of 250 nm. This 
is similar to the decrease in viability at 4 hours shown in Fig. 4-9. The smallest nanoparticles (F-90) 
showed no increase in LDH release in either cell- line, although they decreased viability in the RAW 
cells (Figure 3). Consequently, induction of apoptosis by the F-90 particles (30 µg/mL) at 4 hours 
was determined by annexin V staining. In the dTHP-1 cells, there was no evidence of apoptosis [Fig. 
4-10 (B)] consistent with the lack of cytotoxicity in this cell line. By contrast, the F-90 
nanoparticles significantly increased annexin V staining in the RAW cells indicative of an apoptotic 
response to these particles. 
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Figure 4-9. Time-dependent effects of the various nanoparticle fractions (30 μg/mL) on cell 
viability: (A) dTHP-1 cells and (B) RAW cells. Results are mean ± standard deviation n = 3. 
 
 
 
Figure 4-10. Membrane integrity and cell apoptosis following nanoparticle exposure: (A) dTHP-1 
and RAW cells were treated with 30 μg/mL nanoparticles for 4 hours. Data are plotted as percent 
total LDH (determined with 1% TritionX-100) versus the mean hydrodynamic diameter for each 
fraction. (B) Apoptotic cells following treatment with 30 μg/mL nanoparticles for 4 hours 
determined by annexin V staining. Results are mean ± standard deviation n=3. Statistical 
comparisons were performed using a Student’s t-test. (NS: not significant) 
 
Nanoparticle uptake  
The uptake of the different nanoparticles was determine in dTHP-1 and RAW cells. Fig. 4-11 (A) 
shows very similar uptake for the different sized particles with the exception of the F-220 and F-90 
nanoparticles, which showed slightly less uptake in dTHP-1 cells compared to the larger particles 
[Fig. 4-11 (A), left panel]. Previously, we have shown that layered clay nanoparticles can be taken 
up into macrophages via the scavenger receptor.14 To test this possibility with the fluoromicas, we 
 69 
pretreated cells with polyinosinic acid, a broad inhibitor of scavenger receptors. Fig. 4-11 (B) shows 
that the degree of inhibition of uptake by polyinosinic acid increased as the mean hydrodynamic 
diameter decreased, with more than 75% inhibition of the F-90 nanoparticle uptake but less than 
10 % inhibition of the unmilled ME100 particle uptake. This was consistent for both cell types.  
 
 
Figure 4-11. Uptake of nanoparticles by dTHP-1 and RAW cells: (A) YOYO-1 labelled 
nanoparticles (10 μg/mL) were incubated with each cell line in complete medium for 4 hours. Total 
cell-associated fluorescence was determined by flow cytometry. Results are mean ± standard 
deviation n = 3. *Indicates significantly different to ME100. (B) Effect of polyinosinic acid on cell 
uptake of each nanoparticle fraction. Results are mean ± standard deviation; n = 3 where control 
cells were those not treated with polyinosinic acid.  
 
We next examined cell association of the largest and smallest particles by confocal microscopy (Fig. 
4-12). There were clear differences for the different particles. The ME100 particles were found 
mostly associated with the cell membrane with little evidence of internalization. By contrast, the F-
90 nanoparticles were almost entirely associated with intracellular vesicles. These observations are 
consistent with the effects of polyinosinic acid in Fig. 4-11 (B) and suggest that the smaller particles 
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are extensively internalized by both dTHP-1 cells and RAW cells. Moreover, this internalization 
most likely involves scavenger receptors since it was inhibited by polyinosinic acid.  
 
 
Figure 4-12. Confocal microscopy of dTHP-1 and RAW cells exposed to ME100 or F-90 
nanoparticles (10 μg/mL) for 4 hours. (Green: YOYO-1 labelled nanoparticles; red: phalloidin; blue: 
DAPI.  
 
Binding of protein to nanoparticles 
Cell surface recognition of nanoparticles is often dependent on the type of proteins associated with 
the corona that forms in biological fluids such as plasma. Therefore, we next examined the pattern 
of serum protein binding to the largest (ME100) and smallest (F-90) particles in the presence of 
increasing serum concentration (Fig. 4-13). The total bound protein was similar for both particles. 
The banding patterns were also similar, although there were significant differences within each 
particle as the serum concentration increased (Fig. 4-13, arrows). This indicates that the 
composition of the protein corona varied between low and high serum concentrations.  
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Figure 4-13. Protein binding to ME100 and F-90 nanoparticles. Nanoparticles were incubated with 
5%, 40%, and 80% FBS for 1 hour at 37 °C and then washed to remove low affinity proteins. 
Bound proteins were then extracted in sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) reducing buffer. Equal volumes of the SDS buffer were loaded in each lane. 
Following development, the gel was stained with SyPRO ruby. Arrows ind icate proteins that 
change with increasing serum concentration. 
 
Effect of serum concentration on nanoparticle uptake and toxicity  
Since altering the serum concentration induced changes in the protein corona associated with the 
different fluoromica nanoparticles, we next asked whether this affected either cell uptake or toxicity 
in dTHP-1. For both ME100 and F-90 nanoparticles (10 µg/mL), there was no difference in uptake 
with the different serum concentrations [Fig. 4-14 (A)]. Similar to the results in Fig. 4-11 (B), 
polyinosinic acid did not inhibit the uptake of ME100 at any serum concentration. By contrast, 
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polyinosinic acid significantly decreased the uptake of F-90 nanoparticles in the presence of 5% or 
80% serum, but not in the absence of serum [Fig. 4-14 (A)]. These data indicate that serum proteins 
were necessary for scavenger receptor recognition by the F-90 particles.  
 
Serum concentration also affected the toxicity of the different fluoromicas. At 5% serum, the 
ME100 particles (30 µg/mL) induced a rapid decrease in cell viability while the F-90 nanoparticles 
did not. This was consistent with the data in Figure 3A.  At 80% serum, toxicity of ME100 was still 
evident, but significantly diminished. By contrast, the F-90 nanoparticles showed little or no 
toxicity in 5% and 80% serum, but decreased cell viability in the absence of serum [Figure 4-14 (B), 
right panel].  
 
 
 
 
Figure 4-14. Effect of serum on uptake and toxicity of nanoparticle fractions: (A) Uptake of 
YOYO-1 labelled ME100 and F-90 nanoparticles (10 μg/mL) with increasing serum concentrations 
in dTHP-1 cells. Open bars: controls; closed bars: cells pretreated with polyinosinic acid. Time-
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dependent toxicity of ME100 (B) and F-90 (C) nanoparticles in dTHP-1 cells in different 
concentrations of serum. Results are mean ± standard deviation n=3.  
 
4.4.4 Discussion 
Synthetic fluoromicas are high aspect layered clays that have been extensively studied as nanofillers 
in polymeric composites. The nanofiller can enhance the mechanical properties of the composite by 
direct interaction with the polymer chains.22,23 Moreover, these composites have been studied as 
potential components in medical implants, and as drug delivery systems.24,25 Consequently, as part 
of their safety evaluation, human exposure to fluoromica nanoparticles requires an understanding of 
their potential biological interactions and adverse effects. Here, we show using a series of synthetic 
fluoromica nanoparticles formed by high energy milling of the same base product (ME100), that 
these nanoparticles behave differently to many other nanoparticles when exposed to phagocytic 
cells. 
 
Size has a clear effect on both the toxicity and uptake of fluoromica nanoparticles in both human 
and murine macrophages. The larger nanoparticles showed greater toxicity, causing rapid 
membrane disruption and cell death as early as 4 hours of exposure.  Conversely, the smallest (F-90) 
nanoparticles displayed very little toxicity in dTHP-1 cells and were significantly less toxic than the 
larger particles in RAW cells. These findings are in contrast to studies of other nano-sized particles 
where increasing toxicity has been associated with decreasing size.5,26-29 Generally, the higher 
surface area is cited as the likely cause of increasing toxicity. A major difference between many of 
the nanoparticles previously studied and the fluoromicas is their aspect ratio. It would be interesting 
for future studies to address the relationship between aspect ratio, internalization, and cytotoxicity 
in a series of particles derived from the same material.  
 
A major difference between the different fluoromica particles was the ability of the smallest 
particles to be internalised by both dTHP-1 and RAW cells by scavenger receptor mediated 
phagocytosis. The larger particles primarily decorated the cell surface. Phagacytosis was dependent 
on serum proteins, which is a similar observation to that reported for hectorite, another layered clay 
nanoparticle that is internalized by macrophages.14 In those studies, albumin was shown to unfold 
revealing a cryptic epitope that was recognised by Class A scavenger receptors. It was not the 
purpose of the current study to clearly define the internalization process for the fluoromica 
nanoparticles, and further studies will address the similarities or differences in how macrophages 
might handle different layered clay nanoparticles intended for human use.  
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The fluoromica nanoparticles induced cell death by different mechanisms dependent on their size.  
The larger particles directly damaged the cell membrane leading to a rapid release of LDH. This 
was proportional to size in the dTHP-1 cells. RAW cells were significantly more sensitive to the 
fluoromicas with maximum membrane damage seen with the F-250 particles. While both cell types 
have common macrophage properties, they differ significantly in their membrane composition. For 
example, dTHP-1 cells express CAV-1 whereas RAW cells do not.30 In addition, there are higher 
levels of cholesterol associated with the caveolae in dTHP-1 cells. The disruption of the cell 
membrane was partially, but not completely, abrogated by the protein corona formed when the 
nanoparticles were incubated with serum. By contrast, the F-90 nanoparticles showed little 
cytotoxicity in the human dTHP-1 cells although they induced apoptosis in the murine RAW cells. 
Several studies have demonstrated an apoptotic response in macrophages following scavenger 
receptor activation by nanoparticles.31-33 For silica nanoparticles, activation of CASP1 was essential 
for apoptosis34 while CASP9 appeared to be involved in scavenger receptor mediated apoptosis by 
multi-walled carbon nanotubes.35 These results suggest multiple pathways that nanoparticles may 
use to induce apoptosis in cells such as macrophages. 
 
4.5 Conclusion 
The reduction on particle size of ME100 was successfully performed using the lab-scale high-
energy milling. Different size fractions of ME 100 can be obtained at different centrifugal speeds. 
An ultra- fine size fraction after a high-speed centrifugation for longer centrifuging time was well-
characterized using an optimized SEM characterization and specimen preparation method. In 
addition, a series of such well-characterized ME100 nanoparticles with varying platelet sizes were 
investigated for nanotoxcity. The cytotoxicity of Na+ fluoromica is dependent on the nanoparticle 
platelet size but in a manner that is opposite to many other types of nanomaterials. These findings 
provide initial evidence that smaller fluoromica nanoparticles may be safer for use in humans but 
their propensity to recognize macrophage scavenger receptors also suggest that they are likely to 
target the reticulo-endoplasmic system in vivo. This may be advantageous for fluoromicas that 
escape from medical implants or other devises where clearance is desirable, but suggests they 
would be of limited use in drug delivery or tissue targeting in vivo.  
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Appendix 
 
 
Schematic diagram of a laboratory agitator bead mill LabStar® with a circulation system 
(https://www.netzsch-grinding.com/en/products-solutions/wet-grinding/labstar- laboratory-mill/) 
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Chapter 5 - Reduction of Aspect Ratio of Fluoromica Using High-energy Milling 
 
*This chapter is based on Zhu, Y.; Edwards, G. A.; Martin, D. J. Reduction of aspect ratio of 
fluoromica using high-energy milling. Applied Clay Science 2015, 114, 315. 
 
5.1 Introduction 
Over the years, nanoparticles and high performance nanostructured materials have attracted 
growing interest from both fundamental and applied research communities.1 This is due to 
nanoparticles having a much higher specific surface area2 and a higher concentration of atoms in 
interfacial locations than larger particles of similar composition.3,4 Furthermore, small and 
systematic perturbations in nanoparticle composition, size and/or shape can elicit some novel and 
significantly improved physical, biological, chemical, mechanical or other functional properties. 
During the past several decades a multitude of nanoparticles, including clay nanoparticles have been 
explored as fillers to prepare polymer nanocomposites and inorganic-organic hybrid materials to 
improve thermal, mechanical, and optical properties, or to even introduce new functional properties 
to these systems.5,6 However, natural clay minerals have some drawbacks including the presence of 
contaminants, variable composition and crystallographic defects etc.7 Thus synthetic clays and 
organoclays, whilst being more expensive, are seen to be more attractive than their natural 
counterparts due to their purity, consistency and tailorability.8,9 They are considered to be important 
nanomaterials finding wide applications in ceramics, absorption and catalysis, environmental 
remediation or protection, agriculture, cosmetics, health care products, surface coatings and 
composites.10 
 
Structural and morphological studies on clay nanoparticles are of significant importance as many 
applications of clay particles depend on the particle size, or platelet aspect ratio, and surface 
properties.  In order to realize micronisation and achieve particles of controlled size and shape, 
high-energy milling is a well-established “top-down” process for nanomaterial preparation and 
dispersion, with the advantages of simplicity, scale and effectiveness.11 A range of metal oxide 
nanopowders, nanoparticles and nanocomposites have been prepared by high-energy milling,3,12-15 
Several kinds of clay minerals have also been subjected to high-energy milling, and the resulting 
structural changes characterized and reported.16,17 The reported effects on the clay structure from 
planetary ball milling have been varied but generally include a reduction of the d001 lattice spacing 
and crystallinity,18 increasing structural disorder without deteriorating the primary crystallite 
structure,19 as well as increases in the specific surface area, cation exchange capacity and 
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electrophoretic mobility.20,21 Nanoparticles of organo-montmorillonite with a narrow particle size 
distribution have been produced via high-energy ball mill under different conditions in combination 
with ultrasonication.22 Stirred ball/bead mills, which can be operated under wet or dry conditions, 
utilize the impact between balls or beads, container wall, agitator shaft and impellers to realize 
powder size reduction. There are several variables which influence the high-energy milling process, 
such as selection of milling media, ball- to-powder ratio, milling time, temperature of mill and 
milling speed.23,24 As expected, better controlled combinations of variables can result in a superior 
milling effect.25 Planetary ball mills are widely used for clay powder preparation, however very few 
studies investigating the use of stirred ball/bead mills under wet conditions to carry out size 
reduction on clay nanoparticles have been reported, nor have they considered the commercial 
necessity of scalability.26 Most of the above mentioned studies used microscopy techniques to 
characterize the size reduction or the morphological changes, but no effective methods are reported 
to observe the exfoliated layers and thin platelets due to the agglomerates or clumps, which brings 
limitations to the accurate measurement of the reduced particle size.  
 
This study is focused on a semi-synthetic non-modified Na+ fluoromica (trade name Somasif 
ME100). It is a hydrophilic swellable 2:1 fluorinated layered silicate obtained by heating talcum 
and Na2SiF6 at high temperature for several hours, and a supplier reported an aspect ratio of 
approximately 5000-6000. The interlayer spacing (d001) is 0.95 nm.
27,28 The chemical formulation is 
Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96.
29 As received ME100 powder was prepared as a slurry in 
deionized water and subjected to high-energy milling in both a smaller lab scale mill and a larger 
semi-commercial scale mill (both from Netzsch, Germany), and the finest fractions were then 
separated using centrifugation. Both of the unmilled and milled samples were characterized by SEM, 
TEM, DLS and FTIR. The purpose of this study is two fold. Primarily to investigate the influence 
of stirred bead mills on the size of clay nanoparticles and to explore a direct measurement of clay 
platelet planar diameter ,which are of great advantages and required for our biomedical research on 
the relationship between cytotoxicity and biocompatibility, and the clay nanoparticle size.30 
Secondly to assess the impact of processing scalability and effectiveness of differing analysis 
methods. 
 
5.2 Materials and Methods 
Somasif ME100 was supplied by CBC Co. Ltd. (Japan). For lab-scale milling, 100 g ME100 
powder was mixed with 3 L deionized water. This suspension was milled in the small-volume 
stirred bead mill (Netzsch laboratory agitator bead mill LabStar® = “small mill”) with a circulation 
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system. For large-scale milling, 500 g ME100 powder was mixed with 20 L deionized water and 
milled in the large-volume stirred bead mill (Netzsch Circulation mill system Zeta® Type LMZ 10 = 
“large mill”) with a circulation system. The main parameters for the high-energy milling process are 
shown in Table 5-1. Milling in the LabStar® unit was performed at a 3.3% by mass concentration 
and at 2.5% by mass in the Zeta® Type LMZ 10. 
 
Table 5-1. Main parameters of high-energy milling process. 
 
                                            Mill       
Parameter 
Netzsch laboratory agitator bead 
mill LabStar® 
Netzsch circulation mill 
system Zeta® Type LMZ 10 
ME100 (g) 100 500 
Water (L) 3 20 
Mill speed (rpm) 1250 970 
Pump speed (rpm) 60 220 
ZrO2 Beads (mm) 0.4 0.4 
Beads loading (L) 0.4 7 
Temperature (°C) 33 30 
Milling time (h) 4 1 
 
The ME100 suspensions produced by both mills were centrifuged at 5250 × g (4750 rpm) for 10 
minutes. Both supernatants were collected and centrifuged again at the same speed for 20 minutes 
and then again for 30 minutes in order to remove the large particles and agglomerates. The speed 
was then increased to 48400 × g (20000 rpm) and the supernatants were centrifuged for 30 minutes, 
twice. Finally, the supernatants representing the finest milled fractions were retained for 
characterization. 
 
A sample of the small-milled and large-milled ME100 suspensions were oven dried at 60 °C and 
these dry samples were used for FTIR characterization.  
 
A 1.2 mg sample of as-received ME100 powder was suspended in 50 mL water and the suspension 
was centrifuged at 931 × g (2000 rpm) for 3 minutes to remove most of the large agglomerates. The 
supernatant was collected as the “unmilled” ME100 aqueous suspension which would be used for 
SEM, TEM and DLS analysis for comparison with the milled samples. We acknowledge that the 
resulting aspect ratio of this unmilled sample will be lower than the supplier’s indicative range of 
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5000-6000 (by also removing the very large platelet fraction), however this pre-treatment avoided 
problems associated with extensive particle agglomeration and measurement in the sample.  
 
SEM was carried out with a JEOL JSM-6610 microscope operating at 12 kV for the dry powder 
sample and a JEOL JSM-7001F field emission microscope operating at 8 kV for the suspension 
samples. Both of the unmilled and milled ME100 aqueous suspensions were prepared at a 
concentration of 0.02 mg/mL approximately, dropped onto silicon wafers using small plastic pipette 
and dried in a vacuum oven operating at 70 °C for a minimum of 7 hours. The samples were coated 
with 5 nm thick Pt layer to increase particle conductivity using a Leica MED-020 Baltec sputter 
coater. 
 
TEM was carried out with a JEOL JSM-1011 TEM operating at 100 kV. Single droplets of 
unmilled and milled ME100 aqueous suspension were spotted onto formvar coated Cu TEM grids 
and dried at room temperature. 
 
Representative microscopy images were selected and 100 individual particles were measured in 
order to give an adequate data set. Measurements of the average particle size obtained from SEM 
and TEM were analyzed using imageJ image processing software (developed at the National 
Institute of Health, USA). The particle sizes measured in SEM and TEM images refers to Feret’s 
diameter via Image-J. The measurement details are shown in Table 5-2. 
 
DLS was performed on Malvern Instrument Nanoziser Nano ZS to analyze the particle size.  
 
The infrared spectra were obtained on a Nicolet 5700 FTIR fitted with a diamond attenuated total 
reflection (ATR) accessory. The spectra were recorded from a wavenumber range of between 525 
and 4000 cm-1, and by running 32 scans at a resolution of 4 cm-1. 
 
Table 5-2. Measurement details of particle size. 
 
                               Microscopy 
 
Sample 
SEM TEM 
Num. of 
images 
Num. of 
images 
Num. of 
images 
Num. of 
images 
Unmilled ME100 2 100 6 100 
Small-milled ME100 3 100 7 100 
Large-milled ME100 3 100 7 100 
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5.3 Results and Discussion 
5.3.1 SEM Imaging 
Morphological observations of the unmilled and milled ME100 were made by SEM. The bulk 
powder of ME100 prior to centrifugation is agglomerated as shown in Fig. 1(A) and is thought to be 
the result of strong inter-particle forces as well as charge at the surface of the particles. A small 
amount of needle-like tubular structures can also be observed in the image. It has been reported that 
this structure could be attributed to the formation of a secondary tubular clay mineral known as 
chrysotile during the synthesis of ME100.8,31 Fig. 1(B) shows the image of dried ME100 prepared 
from aqueous suspension. The powder was suspended in water, centrifuged at a relatively low speed 
and dried, enabling the isolation of a number of discrete particles, which can be easily identified 
when compared with the image of the bulk dry powder, as most of the agglomerates, clumps and 
the needle- like structures were removed. The average particle size of unmilled ME100 measured 
from a series of images including Fig. 1(B) is 1378 ± 647 nm. Figs. 1(C) & (D) and Figs. 1(E) & (F) 
show the images of small-milled and large-milled ME100, respectively, after drying from aqueous 
suspension. The average particle size of small-milled ME100 measured from a series of images 
including Fig. 1(D) is 214 ± 57 nm, and that of large-milled ME100 measured from a series of 
images including Fig. 1(F) is 166 ± 43 nm.  
 
A distinct size reduction of ME100 occurred after high-energy milling. Both of the small-milled and 
large-milled particles had a more angular shape than the round cornered unmilled particles. Large 
amounts of very fine layers were effectively exfoliated and the platelets were thin and flat enough 
for the electrons to penetrate through using the relatively low accelerating voltage of 8 kV. 
 
     
 
A B 
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Figure 5-1. SEM images of (A) ME100 powder, (B) dried ME100 aqueous suspension, (C) & (D) 
dried small-milled ME100 aqueous suspension and (d) & (f) dried large-milled ME100 aqueous 
suspension. 
 
5.3.2 TEM Imaging 
TEM images for unmilled, small-milled and large-milled samples are shown in Fig. 2. For the TEM 
image of the unmilled ME100 sample in Fig. 2(A) shows that there are both single particles 
(asterisk) and one large agglomerated particle (double arrows), which is the dark electron dense 
object. The average particle size of the unmilled ME100 particles as determined by TEM is 1166 ± 
575 nm. As seen after SEM analysis, the TEM images for both the small-milled and large-milled 
samples also show evidence of significant size reduction, as shown in Figs. 2(B) and 2(C).  
 
The average particle size of small-milled ME100 as determined by TEM is 149 ± 68 nm and that of 
large-milled ME100 is 164 ± 97 nm. In the small-milled sample, the size distribution is narrower. 
There still exist a number of large platelets in both of the small-milled and the large-milled samples. 
Due to the very thin platelets and presence of some very small particles, it was difficult to discern 
C D 
E F 
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some of the very fine particles from the background texture and artefacts, which might affect the 
results of the average particle size measurements using TEM.  
 
     
 
 
 
Figure 5-2. TEM images of (A) unmilled ME100, (B) small-milled ME100 and (C) large-milled 
ME100. 
 
5.3.3 DLS results  
The particle size distribution by intensity is shown in Fig. 5-3. After high-energy milling, the Z-
average particle size is reduced from 893 nm to 189 nm in the small mill and reduced from 893 nm 
to 95 nm in the large mill. The main distribution peak moves from 750 nm to approximately 200 nm, 
and it is narrowed as well. In addition a small distribution peak can be found in the size range of 
below 100 nm. This indicates there were a number of very fine particles which could not be 
observed clearly in SEM or TEM images. It might be due to (a) the suspension was not being well 
dispersed such that some very fine particles are strongly associated with the larger particles, (b) the 
limitations of the DLS hardware and software, which assume and work best for a spherical particle 
A B 
C 
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geometry, and (c) the difficulties with resolution and contrast in the microscopy images due to the 
fineness and concomitant lack of electron density resulted in an inability to identify the particles 
against the background noise.   
 
Figure 5-3. Size distribution of unmilled, small-milled and large-milled ME100. 
 
5.3.4 FTIR Results 
According to the FTIR spectra in Fig. 5-4, the most intensive band at 830-1080 cm-1 refers to Si-O 
in-plane stretching and there is no change in the position of the main peak.19 Thus the high-energy 
milling process did not caused a decrease of intensity of Si-O band. This indicates that the structure 
of the tetrahedral sheets is preserved because the tetrahedral sheet contains Si as the central 
atom.32,33 The band at 1640 cm-1 is attributed to the bending vibrations for the inner OH groups of 
interlayer water. The band at 1400 cm-1 turned up after milling, which is associated to the propylene 
glycol used in the milling process. The band at 840 cm-1 is associated to AlMgOH bending and the 
band at 620 cm-1 is associated to Mg3OH bending vibration, which only turned up in the milled 
sample. The band at 698 cm-1 associated to Si-O out-of-plane bending was overlapped by the band 
of AlMgOH bending after milling.34 As the powder was suspended in water and the particle size 
was too floral reduced, a range of metal-OH bending in the octahedral sheet can be investigated. 
The spectra of the milled ME100 samples are very similar to each other. Some changes can be 
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observed in the spectra of the milled samples compared with the unmilled sample as reference to the 
emergence of some bands associated to metal-OH bending. The FTIR results show high-energy 
milling only fractured the particles into smaller sizes and the tetrahedral-octahedral-tetrahedral 2:1 
structure is still intact. 
 
Figure 5-4. FTIR spectra of (a) unmilled, (b) small-milled and (c) large-milled ME100. 
 
5.4 Conclusions 
According to the microscopy and DLS characterizations shown in Table 4, the particle size of 
ME100 is evidently reduced and very fine ME100 particles with narrow size distribution are 
produced after high-energy milling. In addition, the morphology has been changed, as the milled, 
fractured particles have a more angular shape. There exists a large amount of very fine particles and 
a small number of agglomerates in both of the high-energy milled ME100 samples. The 
comparative advantages and disadvantages of DLS, SEM and TEM techniques are displayed in 
Table 5. We believe that our SEM method offers the most efficient and direct measurement of clay 
platelet planar diameter, while the DLS method is associated with errors when non-spherical 
particles are involved. The particle size measured from TEM images is heavily influenced by the 
magnification employed, as small and large particles can not be displayed well at the same 
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magnification. TEM is also associated with stability problems of specimen under the beam, and at 
times, the finest particles were very difficult to discern from the background.  
 
Table 5-3. Particle size measurement for milled fluoromica fractions as measured by different 
characterization methods. 
 
Sample 
Particle Size Methodology, Size (nm) 
DLS SEM TEM 
Unmilled ME100 893 1378 ± 647 1166 ± 575 
Small-milled ME100 189 214 ± 57 149 ± 68 
Large-milled ME100 95 166 ± 43 164 ± 97 
 
Table 5-4. Comparisons of different size characterization methods. 
 
Method Advantages Disadvantages Limitations 
DLS 
Quick preparation and 
automatic measurement 
using software 
Particle size not 
reliable 
Indirect method of 
measurement 
Designed for 
spherical particles 
SEM 
A large number of 
single particles visible 
Direct, error –free 
measurement of planar 
diameter 
Complicated 
preparation 
 
Measurement using 
software by hand 
TEM 
High-magnification 
images available 
Morphology of single 
particle available 
Particles easily 
damaged because of 
high accelerating 
voltage  
Folding, stacking and 
poor dispersion of the 
particles 
Measurement using 
software by hand 
Hard to discern 
smallest particles 
from the background 
 
Based on the SEM results, which we believe give the most representative size distribution data, the 
greater size reduction seen within the large mill in comparison to the results from the small mill are 
consistent with existing concepts of horizontal bead mill scale up.  The greater hydraulic pack ing 
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seen in the large mill will result in a greater residence time for any given particle. This is combined 
with an increased number of impeller tips, resulting in a greater level of attrition in these samples.  
 
No significant structural changes were shown in the bulk of the material by FTIR, however, 
changes to some of the surface chemistry were observed. Further investigation will be required to 
fully understand these changes and their impacts on crystal structure and physical or chemical 
properties. 
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Chapter 6 – Scale-up on Production of Organo-modified Fluoromica with 
Controlled Aspect Ratio Using High-energy Milling 
 
6.1 Introduction 
The use of layered clays as functional additives or nanofillers in polymer based nanocomposites is  
arguably the most important application of layered clays.1-3 In order to increase the compatibility 
between clay particles and a given host polymer matrix, natural or synthetic layered clays usually 
need to be organically surface modified. In addition to the adjusted hydrophobicity of pristine 
layered clays, these organoclays have the advantages such as lower surface energy, and an 
expanded interlayer distance, which, if optimized, can lead to a more uniform distribution and 
dispersion of clay nanoparticles in the polymer matrix. As described in the previous chapter, the 
aspect ratio of organoclays is an important factor which can strongly influence several properties of 
polymer/clay nanocomposites such as stiffness, toughness, strength and transparency. Additionally, 
organoclays also find wide applications in paints, lubricants, drilling fluids, cosmetics, etc., where 
again, aspect ratio can be very influential on product performance.2,4 Therefore it would be of great 
advantage to produce organoclays of the same type with controlled aspect ratio via high-energy 
milling just as applied in pristine layered clays in previous chapters. It is reported that high-energy 
milling was utilized to perform the surface modification of layered clays.5-7 Also, there are a 
number of studies investigating the effect of high-energy milling on morphological or structural 
changes of organoclays.8-11 It is found that organoclays modified by long-chain alkylammonium 
cations usually have a higher stabilization of the structure and stronger resistance to attrition with 
milling, depending on the character of the organic cations, compared with unmod ified clays.10,12 
However, up until now, no study has investigated the preparation of organoclay fractions of 
controlled aspect ratio from high-energy milling. In this chapter, two commercially-available 
organoclays, ME-Cmod and ME-Emod (supplied by TenasiTech Pty Ltd, Australia) with 
significantly different polarities,13 Emod being the most hydrophobic and Cmod being the most 
hydrophilic. These organoclays are based on a semi-synthetic fluoromica substrate (Somasif ME100) 
and modified with different ratios of mixed quaternary alkylammonium salts, choline chloride and 
Ethoquad O-12, as shown in Table 6-1. The two organoclays were high-energy milled in a semi-
commercial high-energy stirred bead mill. Different size fractions of organoclays produced using 
aqueous high-energy milling combined with centrifugation techniques were prepared and 
characterized. The influence of milling time on the structural changes of ME-Emod was also 
investigated.  
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6.2 Preparation of Organoclay Fractions Using High-energy Milling 
6.2.1. High-energy Milling Conditions at semi-commercial Scale 
The organoclays ME-Cmod and ME-Emod, were high-energy milled at semi-commercial scale, 
respectively. High-energy milling was carried out in a circulation stirred bead mill system Zeta® 
Type LMZ 10. The experimental set-up of the milling system was similar to the lab-scale mill 
LabStar® as described in Chapter 4.2.1. Compared with the small mill in which the volume of the 
milling chamber and the holding tank is 0.62 L and 7 L respectively, this so-called large mill has a 
milling chamber volume of 10 L and a holding tank volume of up to 500 L (from the supplier). The 
mill setting details are displayed in Table 6-1. 850 g ME-Cmod was milled in 20 L water for 1 hour 
and 2.5 kg ME-Emod was milled in 25 L water for 2 hours. 7 L 0.4 mm ZetaBeads® were used as 
milling media in both high-energy milling processes. Accordingly, bead to powder mass ratio for 
the milling of ME-Cmod was 29.5:1 and that for the milling of ME-Emod was lower at 10:1. The 
different scale experiments for each nanofiller were related to TenasiTech’s customer needs and 
varying scale requirements for ongoing nanocomposite trials, and so this is why different 
organoclay starting masses and milling media ratios were employed”. The milling temperature was 
controlled at 30-45 °C throughout these two milling processes by using circulating cooling water. 
During the high-energy milling of ME-Emod, a small amount of suspension was collected every 10 
minutes and then dried for FTIR and XRD study.  
 
Table 6-1. Milling conditions for ME-Cmod and ME-Emod. 
 
Mill 
Parameter 
Netzsch circulation mill system Zeta® Type LMZ 10 
Organoclay ME-Cmod ME-Emod 
Weight of powder (g) 850 2500 
Surfactants 
75% choline chloride 
25% Ethoquad O-12 
25% choline chloride 
75% Ethoquad O-12 
Water volume (L) 20 25 
Pump speed (rpm) 220 147 
Mill speed 970 732 
Beads 0.4 mm ZetaBeads® 
Loading of beads (L) 7 
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Filling ratio of beads 70% 
Bead to powder ratio 29.5:1 10:1 
Water temperature (°C) 30-45 
Run time (hr) 1 2 
Power input (kW) N/A 4.5 
 
6.2.2 Centrifugation Methods for Fractionation 
Large-scale high-energy milled ME-Cmod suspension was centrifuged at 5250 × g for 15 min, and 
the supernatant was collected and centrifuged at the same speed for 15 min once more. After 
centrifugation, there existed a thick layer of foam on the surface of the supernatant which could not 
be settled into sediment or suspended in the supernatant. This floating foam was collected as a 
floating fraction and labelled as Cmod Fraction F. Then the supernatant was dried at 45 °C in an 
oven to remove the extra solvent as a suspension volume of 20 L was too much for high speed 
centrifugation. When the volume of the high-energy-milled ME-Cmod suspension was reduced to 
approximately 3 L, the concentrated suspension was mechanically stirred for a couple of hours to 
get a better dispersion for further centrifugation. The well-dispersed suspension was then 
centrifuged at 5250 × g for 15 min, from which the supernatant was centrifuged at 24000 × g for 15 
min twice. The collected supernatant was finally centrifuged at 48400 × g for 15 min twice. The 
final supernatant was regarded as the smallest fraction and labelled as Cmod Fraction S. Cmod 
Fraction S as well as the floating fraction, Cmod Fraction F, was vacuum dried and ground into a 
powder for further characterisation.  
 
For the other more hydrophobic organoclay, large-scale high-energy milled ME-Emod suspension 
was dried at 45 °C in an oven first for the evaporation of extra solvent. When the volume of the 
suspension was reduced to approximately 4 L, the concentrated suspension was kept stirring to get a 
more homogenous suspension. Then the well-dispersed high-energy milled ME-Emod suspension 
was centrifuged at 2600 × g for 10 min twice, and the sediment was collected and labelled as Emod 
F1. Finally, the supernatant was centrifuged again at 5250 × g for 10 min twice, and the sediment 
was collected as Emod F2 and the supernatant was collected as Emod F3. All of the high-energy 
milled ME-Emod fractions were vacuum dried and ground into powders for further characterization. 
As a high proportion of “unbound” surfactant residues remained in the final supernatant named 
Emod F3, only this fraction was washed three times with 20 vol% ethanol to remove these unbound 
modifiers. 
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6.2.3 Characterization Methods 
TEM and SEM/FE-SEM were employed for the morphological characterization of high-energy 
milled ME-Cmod and ME-Emod fractions. Well-dispersed suspensions of unmilled organoclays 
and milled fractions at a concentration ≤ 0.1 mg/mL were used for the preparation of TEM and 
SEM/FE-SEM specimens. The only difference is that water was used for the dispersion of ME-
Cmod fractions while 20 vol% ethanol was used for the dispersion of ME-Emod fractions due to 
their more hydrophobic nature. The characterization methods using TEM and SEM/FE-SEM were 
as same as the methods described in Chapter 4.3.  
 
FTIR and XRD were used for the structural and chemical characterization of high-energy milled 
ME-Emod fractions. Specifically, they were also used for the characterization of high-energy milled 
ME-Emod samples collected at different milling times during the milling process. The 
characterization methods were as same as the methods described in Chapter 3.1.3.  
 
6.3 Morphological Study of High-energy Milled ME-Cmod Fractions  
The SEM/FE-SEM images of unmilled ME-Cmod are displayed in Fig. 6-1. In dry powder form as 
shown in Fig. 6-1 (A), most of the particles tended to form agglomerates, of which the morphology 
was similar to that of pristine ME100. Some single particles can be seen on the surface of the 
agglomerates, whose particle size was over 1 µm. In the sample prepared from dried aqueous 
suspension displayed in Fig. 6-1 (B), (C) and (D), more single particles can be observed and FE-
SEM images provided more morphological details. It can be seen that the surface of these particles 
also reveals more surface roughness than was observed in the SEM images of pristine ME100 (see 
Fig. 5-1), presumably due to the organo-modifiers exchanged on the surface of the particles. A large 
number of separate small particles in the 200-300 nm range can be observed. The existence of these 
smaller particles could have been aided during SEM sample preparation by the quite polar Cmod 
surface treatment which, to some extent, has prevented re-agglomeration of some of the organoclay 
particles upon drying from dilute suspension.  
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Figure 6-1. SEM images of (A) dry powder and (B), (C) & (D) dried aqueous suspension of ME-
Cmod. 
 
The TEM images of unmilled ME-Cmod are displayed in Fig. 6-2. Unlike the SEM micrographs 
above, almost no single particles can be seen in these TEM images. Additionally, compared with 
TEM images of pristine ME100 (see Fig. 5-2), TEM specimens prepared in this way reveal a 
relatively high degree of re-agglomeration. This might be owing to the different surface properties 
between silicon wafer in SEM and formvar film in TEM. A limited number of smaller single ME-
Cmod particles can be seen in Fig. 6-2 (B) and (C).  
 
A B 
C D 
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Figure 6-2. TEM images of unmilled ME-Cmod. 
 
The FE-SEM images of Cmod Fraction S are displayed in Fig. 6-3. Obviously, spherical 
agglomerates are the dominant particles as seen in the FE-SEM images, and these agglomerates do 
not lie in a common plane. However, in Fig. 6-3 (B), although it is difficult to find single particles, 
these agglomerates have a relatively small and more consistent size which might indicate of the 
successful particle or platelet size reduction in Cmod Fraction S as a result of milling.  
 
        
 
Figure 6-3. FE-SEM images of Cmod Fraction S. 
 
In spite of the slight agglomerates, a large number of single particles of Cmod Fraction S can be 
observed in TEM images as shown in Fig. 6-4 (A) (scale bar 5 µm) and (B) (scale bar 1 µm). The 
contrast between Cmod Fraction S particles and the background was very sharp, which indicates 
each particle may contain several platelets. Thus, again the extent of exfoliation of particles into 
A B 
C 
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single platelets was very limited. The outline of each particle was clear enough for measurement. 
The planar diameter of Cmod Fraction S measured in Fig. 6-4 (B) was 251 ± 73 nm. 
 
      
 
Figure 6-4. TEM images of Cmod Fraction S. 
 
The “floating fraction” from high-energy milled ME-Cmod was characterized using FE-SEM as 
shown in Fig. 6-5. This fraction was difficult to disperse in the suspension, before and after 
centrifugation at 5250 × g, it always behaved as a layer of foam floating on the surface of 
suspension. Despite of the agglomerates and large particles, a large number of ultra- fine particles 
can be found sitting in the background.  These ultra- fine particles possessed an approximate particle 
size smaller than 100 nm. However, it was difficult to determine whether they were other kinds of 
layered clay contaminations or a genuine smallest fraction of ME-Cmod produced by high-energy 
milling.  
 
     
 
Figure 6-5. FE-SEM images of Cmod Fraction S. 
 
A B 
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6.4 Characterizations of High-energy Milled ME-Emod 
6.4.1 XRD and FTIR Study on ME-Emod Samples Collected at Different Milling Times 
ME-Emod samples at different milling times (0 min, 30 min, 60 min, 90 min and 120 min) were 
prepared for XRD and FTIR analysis. The XRD patterns for ME-Emod samples collected at 
different milling time are shown in Fig. 6-6. Due to the inherent charge heterogeneity of fluoromica 
platelets, different amounts of surfactant chains can intercalate the fluoromica layers, leading to a 
different surfactant arrangement.14,15 There is not much difference in the position of the sharpest 
diffraction peak associated to d001 = 1.39-1.40 nm which is expanded from d001 = 0.96 nm in 
pristine ME100 (see Fig. 3-3), indicating an interlayer distance of ~0.44 nm. It is close to the cross-
sectional diameter of a N+(CH3)3 moiety which is approximately 0.5 nm.
16 A lateral monolayer 
arrangement of CC is formed with the long axis lying parallel to the clay surface.13 However, in the 
patterns for milled ME-Emod, the width of the peak is slightly broader than that in unmilled ME-
Emod, which suggests a smaller average platelet size as induced by high-energy milling. It is 
observed that the intensity of multiple diffraction peaks observed at low angles were decreased 
substantially after approximately 90 min of milling. The peak associated to d001 = 2.04 nm exhibit 
an interlayer distance of ~ 1.1 nm, probably implying a lateral bilayer arrangement of CC. The peak 
associated to d001 = 4.46 nm could be due to a bilayer paraffin arrangement of long-chain Ethoquad 
O-12.17 Compared with unmilled ME-Emod, the samples collected at 30 min and 60 min still 
exhibit multiple diffraction peaks, which indicates the loss of long-range order and platelet 
registration only occurs after 90 min of milling time. The samples collected at 90 min and 120 min 
only exhibit the sharp diffraction peak associated to d001 = 1.39–1.40 nm which is the predominant 
organoclay interlayer spacing for ME-Emod.  
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Figure 6-6. XRD patterns of ME-Emod samples with milling time. 
 
Fig. 6-7 describes the FTIR spectra of starting and high-energy milled ME-Emod samples collected 
at different milling times. There is no significant difference in the spectra of these ME-Emod 
samples. Most band positions remained unchanged after milling, indicating that the basic crystal 
structures of ME-Emod remained constant. There is a slight broadening at the most intensive band 
at 830-1080 cm−1 with increasing milling time. As this intensive band is associated to Si-O in-plane 
stretching, it suggests that high-energy milling induced a mechanical deformation in the structure of 
the outside tetrahedral sheets in which Si is the central atom. Also the intensity of these bands is 
related to the aliphatic C-H stretching and bending vibration, and shows a very small increase with 
increasing milling time. It is suggested that this is owing to the size reduction of ME-Emod particles 
with high-energy milling, as this could lead to a more exposed organo-modified surface of each 
platelet.  
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Figure 6-7. FTIR spectra of ME-Emod with increasing milling time. 
 
6.4.2 Characterizations of High-energy Milled ME-Emod Size Fractions 
XRD and FTIR Analysis 
The XRD patterns for different ME-Emod fractions are displayed in Fig. 6-8. It can be observed 
that the interlayer spacing (d001) of Emod F1, Emod F2 and Emod F3 is 1.40 nm, 1.41 nm and 1.37 
nm, respectively. Similar to the XRD pattern for ME-Emod sample collected after 120 min of high-
energy milling, Emod F2 and Emod F3 do not exhibit any diffraction peaks at low angles while 
Emod F1 possessed a diffusing diffraction angle associated to a d001 = 2.12 nm. There is not much 
difference in the predominant interlayer spacing between these ME-Emod fractions produced in 
high-energy milling and unmilled ME-Emod. However, greatly decreasing intensity as well as 
progressive broadening of diffraction peak in the XRD patterns for these high-energy milled ME-
Emod fractions, especially in Emod F3, indicates the size reduction of platelets in each ME-Emod 
fraction and the possibility of ultra- fine platelet size of Emod F3 owing to a certain short-range 
order.8  
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Figure 6-8. XRD patterns of different size fractions of ME-Emod. 
 
The FTIR spectra of different size fraction of ME-Emod produced in high-energy milling are shown 
in Fig. 6-9. There are not distinguishing changes in those characteristic bands in the spectra of 
Emod F1 and Emod F2, compared with that of unmilled ME-Emod. The most intensive band 
associated to Si-O in-plane stretching is getting broadened owing to the mechanical deformation of 
tetrahedral sheets, which is similar to that shown in the spectra of ME-Emod with different milling 
times. The shoulder at about 1100 cm-1 assigned to Si-O out-of-plane stretching is increasing in 
intensity. There turns up a very weak peak at 3740 cm-1 associated to Si–OH groups present on the 
edges of platelet,18 which implies the breaking of tetrahedral sheets as well as octahedral sheets in 
the ME-Emod platelet structure along the planar direction. All above evidently show that there 
happened structural changes in both of tetrahedral layers and octahedral layers induced by high-
energy milling, while there are no changes in the bands related to the organic cations in ME-Emod.8  
 
In contrast, the spectrum of the smallest fraction Emod F3 is different from those of Emod F1 and 
Emod F2. The bands associated to aliphatic C-H stretching and bending vibration become weaker in 
the spectrum of Emod F3. This is probably due to the extra wash performed on Emod F3 using 20 
vol% ethanol to remove unbonded modifiers and the release of organic modifiers especially in the 
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ultra- fine fraction caused by high-energy milling.12 A small shoulder at 895 cm-1 can be observed 
clearly in the spectrum of Emod F3 which is due to bending vibration of hydroxyl groups associated 
with metal cations in octahedral layer, while it is overlapped by the band Si-O in-plane stretching in 
the spectra of Emod F1 and Emod F2.19 The band at 702 cm-1 assigned to Si-O out-of-plane bending 
disappears in the spectrum of Emod F3. This indicates a further alteration especially in the 
tetrahedral sheets of ME-Emod platelets.  
 
Figure 6-9. FTIR spectra of different size fractions of ME-Emod. 
 
Microscopy Characterization 
ME-Emod fractions were dispersed in 20 vol% ethanol in order to get a better dispersion. The FE-
SEM and TEM images of unmilled ME-Emod are displayed in Fig. 6-10. In Fig. 6-10 (A) and (C), 
unmilled ME-Emod particles were dispersed well for observation. In spite o f some large 
agglomerates, single particles can be clearly recognized with irregular shapes and diffuse outlines, 
and the planar diameter of most unmilled ME-Emod particles is around 1 µm, slightly smaller than 
that observed for pristine ME100 particles (see Fig. 5-1). Additionally, a number of particles also 
revealed a smaller particle size at several hundred nanometers. Fig. 6-10 (B) exhibits a classical 
stack or tactoid of ME-Emod particles. The gaps between each platelet are wider and the platelets 
are less compact due to a larger interlayer spacing.6 Also, it can be observed that the needle-like 
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tubular structures still existed in ME-Emod. Especially, as demonstrated in Fig. 6-10 (D), a ME-
Emod nanoparticle was successfully exfoliated into several ultra-thin platelets of the same shape. 
This is due to the organo modifiers on the platelet surface that decreased the surface energy and the 
interactions between adjacent platelets and then pushed the platelets apart from each other when 
dispersed. Such a representative ME-Emod platelet has a length of 900 nm and a width of 400 nm 
approximately. 
 
        
        
 
Figure 6-10. (A) & (B) SEM images and (C) & (D) TEM images of unmilled ME-Emod. 
 
The particle size and morphological changes of ME-Emod size fractions after high-energy milling 
are evident in the FE-SEM and TEM images as shown in Fig. 6-11. Although there are still some 
large particles and agglomerates in the background, it is quite clear that most of the particles have 
been milled into a smaller size with more angular shapes, as seen in the FE-SEM image of Emod F1 
in Fig. 6-11 (A). Similarly, the TEM image of Emod F1, as shown in Fig. 6-11 (B) gives clearer 
contours of these milled particles of single to several platelet thicknesses. Obviously, this fraction 
has a wide size distribution as the planar diameter of some large particles is up to 1 µm, while some 
A B 
C D 
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of the smaller fragments have a particle size of only about 100 nm. Fig. 6-11 (C) and (D) provide 
images associated to the Emod F2 fraction, and it can be seen that the morphology of the particles is 
similar to that of Emod F1. More small particles can be observed and the particle size should have a 
narrower distribution as there are no ultra- large particles or agglomerates observable, especially in 
FE-SEM image. By measuring an adequate number of representative particles in both of FE-SEM 
and TEM images, the average particle size of Emod F1 and Emod F2 is estimated to be 346 ± 200 
nm and 250 ± 157 nm, respectively.  
 
The morphology of the smallest fraction, Emod F3, is very different from that of other fractions, 
including the unmilled organoclay. A large number of individual particles are displayed in FE-SEM 
images as shown in Fig. 6-11 (E). The particles of Emod F3 possess a regular spherical shape and a 
significantly reduced laminar diameter. This spherical shape is to an extent similar to the shape of 
unmilled ME-Emod particles shown in Fig. 6-10 (A). The average particle size of Emod F3 
measured from the FE-SEM image is only 125 ± 23 nm. Moreover, the TEM image shows a lot of 
ultra-thin milled ME-Emod platelets of very small uniform size laying flat after delamination and 
the average particle size of Emod F3 measured from the TEM image is as small as 65.0 ± 15.1 nm. 
Thus, these microscopy results corroborate the suggestion of effective platelet size reduction 
predicted from the XRD pattern of Emod F3.  
 
     
A B 
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Figure 6-11. FE-SEM & TEM images of (A) & (B) Emod F1, (C) & (D) Emod F2, and (E) & (F) 
Emod F3. 
 
6.5 Conclusions 
Successful fractionation of organoclays using large-scale high-energy milling combined with 
centrifugal separation was achieved. The effect of high-energy milling on organoclays was 
investigated. Due to the poor dispersion of ME-Cmod in water, the information provided by 
microscopy is limited. In spite of the possibility of the existence of contaminations during the 
production, a fraction of smaller aspect ratio can be obtained. Some other treatments and solvent 
could be applied to get a better dispersion of milled ME-Cmod particles for better insights into the 
changes in morphology of milled ME-Cmod particles. On the other hand, three different size 
fractions of ME-Emod were produced and well-characterized. The organophilic surface of ME-
Emod particles were almost not affected after high-energy milling. Such a series of ME-Emod of 
controlled aspect ratio can be used for further studies or applications, for example, as nanofillers in 
polymer/clay nanocomposites. Systematic studies can be performed for a deep understanding of the 
C D 
E F 
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effect of increased aspect ratio on the properties of polymer/clay nanocomposites. However, the 
yield of the smallest ME-Emod fraction is very limited as it is only about 15 g produced from 2.5 kg 
of starting materials, which implies the relatively low efficiency of this semi-commercial high-
energy stirred bead mill used for producing the ultrafine fractions of organoclays.  
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Chapter 7 - The Effect of Fluoromica Aspect Ratio on the Structure and 
Properties of Nacre-like PVA-layered Clay Composites Cast from Water 
 
*This chapter will be a main part of a manuscript in preparation submitted to a peer-reviewed 
journal.  
 
7.1 Introduction 
The introduction of nanoparticulates into a range of host polymer matrices leads to the significant 
enhancement of various properties. Among all of the potential nanoparticles used in polymer based 
nanocomposites, layered clays have attracted great deal of attention over several decades. Layered 
silicates or clays have several advantages including a nanometer thick layered structure, high aspect 
ratio, and high specific surface area combined with abundant availability and relatively low cost. 
Such polymer/clay nanocomposites have found wide applications in many fields. However, using a 
nanocomposite approach to tune the property profile balance between stiffness, strength and 
toughness still remains a materials-design problem. Recently, and as inspired by the relationship 
between the microstructure and mechanical properties of nacre, a new class of bio- inspired 
polymer/clay nanocomposite films with high stiffness, strength and toughness ha ve received 
particular attention. In the natural environment, an ordered multilayer “brick-and-mortar” structure 
in nacre contains two important phases involving load-bearing inorganic conchiolin platelets and 
energy-dissipating organic biopolymers. Intensive efforts have been dedicated to this kind of nacre-
like polymer/clay nanocomposites, and these investigations have been summarized in Table 2-1. 
Inorganic layered clays function as building blocks in such nacre-mimetic brick-and-mortar systems. 
Owing to the inherent van der Walls interactions, clay platelets can undergo self-assembly forming 
ordered secondary and tertiary structures with various morphologies under controlled 
environments.1 As a most commercially important, affordable water soluble polymer, poly(vinyl 
alcohol) (PVA) has commonly been employed as the organic matrix in these brick-and-mortar 
nanocomposites due to its interaction with hydrophilic layered clays in the form of hydrogen bonds 
between hydroxyl groups of the PVA and the negatively charged surface of layered clays. This 
PVA/clay brick-and-mortar system exhibits useful mechanical properties.2-5 In this chapter, nacre-
like PVA/clay nanocomposites were prepared via a simple and eco-friendly solvent casting method. 
Semi-synthetic fluoromica Somasif ME100 was high-energy milled into three different size 
fractions with controlled aspect ratios. These three ME100 size fractions, in addition to the as-
received unmilled ME100 were incorporated into PVA based nanocomposites at different clay 
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contents to investigate the relationship between the well-defined aspect ratio of nanoclay particles 
and the resulting polymer nanocomposite structure and property profiles, including nacre-like 
layered architecture, thermal stability and mechanical performance.  
 
7.2 Materials and Methods 
7.2.1 Materials 
Pristine Na+ fluoromica (trade name Somasif ME100) was supplied by CBC Co. Ltd. (Japan). The 
detailed introduction of this kind of semi-synthetic clay can be found in Chapter 3.1.1. PVA (Mw = 
85000-124000; hydrolysis = 99+ %) was purchased from sigma-Aldrich. Deionized MilliQ water 
(18.2 MΩ·cm at 25 °C) was used in all experiments.  
 
7.2.2 Preparation of High-energy Milled ME100 Size Fractions 
High-energy milling was performed in a lab-scale stirred bead mill LabStar® developed by Netzsch 
Group, Germany with a circulation system. The mill setting details were identical to those described 
in Chapter 4.2.1. 100 g of ME100 was milled in water for 4 hours at 33 °C. The process was 
repeated for another 100 g of ME100. Thus, 200 g of ME100 in total was high-energy milled for 
further fractionation. 
 
Coulter Allegra® X-15R centrifuge (Beckman Coulter Inc, Brea, CA, USA) with an SX4750 rotor 
was employed for centrifugation. The ME100 suspension produced by high-energy milling was 
centrifuged at 2600 × g for 10 min. The centrifugation was repeated 3 times and the sediment was 
collected each time as a size fraction labelled as ME-F1. The supernatant was then centrifuged at 
5250 × g for 10 min, which was also repeated 3 times. The sediment and the final supernatant were 
collected as two size fractions respectively, labelled as ME-F2 and ME-F3. All these three size 
fractions were dried and ground into powders.  
 
7.2.3 Preparation of PVA/clay Nanocomposites 
The PVA/clay nanocomposite films were prepared by solvent casting. 0.5 wt% clay aqueous 
suspensions were prepared under stirring overnight by mixing unmilled ME100 and the three high-
energy milled ME100 size fractions, respectively. Meanwhile, three PVA aqueous solutions of 
different concentrations were prepared. PVA powder was slowly added into water at room 
temperature and PVA was swelled in water under slow stirring for 30 min. Then PVA was 
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dissolved in water at 95 °C under stirring at a higher speed for at least 2 hours. The concentration of 
the three PVA solutions was 1.0, 1.5 and 2.0 wt%, respectively. A desired amount of clay 
suspension was gradually added into the PVA solution after ultrasonication to achieve the desired 
weight ratio. For ME100, 1.0 wt% PVA was used for all the mass ratios of PVA to clay including 
5/1, 2/1, 1/1 and 1/2. For high-energy milled ME100 size fractions, in order to control the whole 
volume of the dispersion and reduce the shrinkage of the films after drying, PVA solutions of 
different concentration were selected for different mass ratios of PVA to clay. 1.0 wt% PVA was 
used for the weight ratio of 5/1, 1.5 wt% PVA was used for the weight ratio of 2/1, and 2.0 wt% 
PVA was used for the weight ratio of 1/1. The mixtures were kept stirring at 80 °C overnight for 
complete polymer adsorption on the clay surface and homogeneous dispersion of stabilized clay 
platelets. After 30 min of ultrasonication, excess PVA and a small amount of clay agglomerates 
were removed by centrifugation at 931 × g. The homogeneous dispersions were slowly poured into 
polytetrafluoroethene (PTFE) casting dishes and blown dry with nitrogen gas in a casting oven at 
40-45 °C. A pure PVA film was also prepared using the PVA solution of 1.0 wt% via the same 
method. It took 1-3 days for film formation and the films were peeled off from the PTFE dishes 
very carefully. The thickness of these films was controlled at 20-70 µm.  
 
7.2.4 Characterization Methods 
Field Emission scanning electron microscopy (FE-SEM) was performed on a JSM-7001 F field 
emission scanning electron microscope (JEOL, Tokyo, Japan). To determine the particle size of 
different high-energy milled ME100 fractions, well-dispersed 0.05 wt% aqueous suspensions were 
prepared and dried on silicon wafers. To characterize the surface morphology in the cross-section of 
PVA/clay nanocomposite films, these films were cut using sharp razor blades. All of the FE-SEM 
specimens were sputter-coated with a thin platinum layer before observation.  
 
Transmission electron microscopy (TEM) was performed on a JEOL JEM-1011 TEM operating at 
100 kV. The film samples were sealed into epoxy resin first and then the ultrathin sections were 
microtomed using a Diatome diamond knife on Leica Ultracut ultra-microtome (Leica 
Microsystems Pty Ltd., North Ryde, Australia).  
 
X-ray diffraction (XRD) patterns were obtained on a D8 Advance X-ray Diffractometer (Bruker, 
Germany) using Cu Kα radiation generated at 40 kV and 30 mA. Samples were scanned at 2.4°/min 
in the range of 2θ = 1°-40° using a step size of 0.02°.  
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Thermogravimetric analysis (TGA) was carried out using a TGA/DSC-1 thermogravimetric 
analyzer (Mettler Toledo, USA). Clay and film samples were put in a 70 µL alumina crucible and 
then heated from 40 °C to 700 °C at a constant rate of 20 °C/min under continuous flow of nitrogen, 
during which the temperature was held isothermally at 110 °C for 10 min to remove the adsorbed 
water.  
 
The mechanical properties of the films were performed on a universal materials testing machine 
(Instron Model 5543, UK) with a capacity of 50-N and 500-N load cells at ambient conditions 
(25 °C and 50-55% relative humidity). After being vacuum dried at 40 °C, rectangular strips with a 
width at 12.81 mm were cut from the film samples. The distance between grips was 15 mm and the 
crosshead speed was 15 mm/min. At least 6 strips of each sample were tested.  
 
7.3 Results and Discussion 
7.3.1 Morphological Characterization of High-energy Milled ME100 Size Fractions 
The aspect ratios of high-energy milled ME100 size fractions were determined using FE-SEM. The 
FE-SEM images are displayed in Fig. 7-1 as well as the particle diameter analysis. The FE-SEM 
images of unmilled ME100 can be found in Fig. 5-1 (B). Here, the aspect ratio of nanoclay is 
defined as the ratio of the major diameter of the planar platelet to its laminar thickness.6 An average 
thickness of 0.96 nm is considered for the clay platelets as described in the XRD results below. The 
planar diameter of clay particles refers to Feret’s diameter from the particle analysis using Image-J 
image processing software (developed at the National Institute of Health, USA), and a sufficient 
number of particles of each size fractions are investigated to access the average planar diameter and 
diameter distribution. A summary of aspect ratio of unmilled ME100 and high-energy milled 
ME100 size fractions is presented in Table 7-1. The aspect ratio of ME100 is evidently reduced 
after high-energy milling. Three different size fractions of ME100 with a reasonably narrow size 
distribution were successfully produced using high-energy milling and differential centrifugal 
separation.  
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Figure 7-1. FE-SEM images of high-energy milled ME100 size fractions: (A) ME-F1, (B) ME-F2 
and (C) ME-F3, with (D) the corresponding particle diameter analysis.  
 
Table 7-1. Summary of aspect ratios of unmilled ME100 and high-energy milled ME100 size 
fractions. 
 
Fluoromica 
Planar diameter (nm) 
Aspect ratio 
Average (STD) Min-Max 
 ME100 1378 ± 647   253-3689 1435 
ME-F1   577 ± 132 248-832 601 
ME-F2 377 ± 97 172-573 393 
ME-F3 163 ± 82   95-427 170 
 
 
A B 
D C 
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7.3.2 Characterization of PVA/ME100 Nanocomposites with Different Clay Contents 
Fig. 7-2 shows the photographs of PVA/ME100 nanocomposite films in the planar direction. Pure 
PVA film possesses the highest transparency with a glossy and reflective surface. In comparison, 
the PVA/ME100 nanocomposite films are still transparent though their surface is not as reflective as 
the pure PVA film. Also, the transparency of the nanocomposite films is not affected too much with 
the increasing clay loading from 5/1 to 1/1. However, in the nanocomposite film PVA/ME100 = 1/2, 
there exists distinct phase separation and hazing in some area which is due to the poor dispersion of 
clay at a higher loading. 
 
           
 
       
 
Figure 7-2. Photographs of PVA/ME100 nanocomposite films with different clay contents: (A) 
pure PVA, (B) PVA/ME100 = 5/1, (C) PVA/ME100 = 2/1, (D) PVA/ME100 = 1/1, and (E) 
PVA/ME100 = 1/2. 
 
XRD is an indicative technique to investigate the interactions between the polymer and clay 
particles and the extent of intercalation of host polymer between the layered silicate platelets. The 
XRD patterns for PVA/ME100 nanocomposites are presented in Fig. 7-3. Despite the peak at 7.09° 
which may refer to the interlayer spacing of hydrated layers of fluoromica, pristine ME100 shows a 
characteristic peak at 9.21° (d001 = 0.96 nm).
7,8 In the XRD patterns for PVA and PVA based 
nanocomposites, the peak present at approximately 19.6° is due to the semi-crystalline structure of 
the PVA.9 The intensity of this peak more or less retained in the patterns for PVA/ME100 = 5/1 and 
2/1, indicating that the crystalline behaviour of PVA was not greatly affected by the introduction of 
ME100. However, in the patterns for PVA/ME100 = 1/1 and 1/2, the intensity is much higher than 
A B C 
D E 
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that of pure PVA, which is probably due to an in creasing degree of long-range orientation of PVA 
chains in the brick-and-mortar structure of PVA/ME100 nanocomposites at higher clay loadings. In 
the pattern for PVA/ME100 = 5/1, no characteristic peaks of clay can be seen between 2.5° and 10°, 
indicating that the ME100 platelets are extensively either intercalated or “de-registered” by the 
PVA matrix. In other words, the long range tactoids order is effectively swollen or disturbed by the 
introduction of PVA macromolecules. With the increase of mass ratio of ME100 in the 
nanocomposites, a broad peak at 4.81° (d001 = 1.83 nm) can be observed in the pattern for 
PVA/ME100 = 2/1. The expanded interlayer spacing suggests the intercalatio n of PVA chains into 
the interlayer space of ME100. This peak can also be observed in the spectra of PVA/ME100 = 1/1 
and 1/2 at a similar position, which becomes sharper and more intense with the increasing mass 
ratio of ME100 in the nanocomposites. This is due to a more ordered brick-and-mortar structure in 
which clay platelets laminated with PVA are stacked on each other with a slightly expanded 
interlayer space. However, a weak peak at approximately 9.3°-9.4° (d001 = 0.94 nm) is also 
exhibited in the XRD patterns of these two nanocomposites at high loadings of clay. This interlayer 
spacing is close to that of pristine ME100 (d001 = 0.96 nm), and so suggests either the existence of 
some remnant ME100 agglomerates or particles which are not intercalated with PVA, or 
alternatively it is a second order reflection for the first order broad peak observed at 4.81°.   
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Figure 7-3. XRD patterns for nacre-mimetic PVA/ME100 nanocomposites with different clay 
contents. 
 
FE-SEM images of PVA/ME100 nanocomposite films observed from the cross-sectional direction 
are displayed in Fig. 7-4. These images clearly reveal the effect of clay content on the 
microstructure of the nanocomposite films. As shown in Fig. 7-4 (B) & (C) respectively, in 
PVA/ME100 = 5/1, at a relatively low clay loading, exfoliated clay particles are more randomly 
dispersed in the PVA matrix, and in PVA/100 = 2/1, a hierarchical architecture is more apparent, 
but is still devoid of a really ordered orientation of clay platelets. Particularly, in Fig. 7-4 (D), a 
fibril- like adhesive connection of ceramic layers by the PVA matrix can be observed, with an 
obvious polymer web connecting multiple clay layers. With the increasing clay loading in the 
nanocomposites, PVA/ME100 = 1/1 and 1/2 reveal quite an ordered brick-and-mortar structure as 
seen in Fig. 7-4 (E) & (F). It indicates the successful self-assembly of clay platelets via solvent 
casting. 
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Figure 7-4. FE-SEM images of PVA/ME100 nanocomposite films in cross-sectional direction, (A) 
pure PVA, (B) PVA/ME100 = 5/1, (C) & (D) PVA/ME100 = 2/1, (E) PVA/ME100 = 1/1, and (F) 
PVA/ME100 = 1/2. 
 
The mass loss curves for the PVA/ME100 nanocomposite films as well as the pure PVA host 
polymer and as-received ME100 are displayed in Fig. 7-5. For the ME100, a small mass loss of 4% 
was observed up to 90 °C which is attributed to absorbed and adsorbed water. The additional mass 
loss measure above 90 °C was negligible, representing only a further 0.2% loss of weight for 
ME100. As expected, the host polymer film alone displayed the highest overall mass loss, with 
3.1% dehydration up to 110 °C, followed by a relatively gradual loss of mass all the way up to 
500 °C. The first stage of decomposition is associated to the side chain decomposition of PVA, 
while the second stage is owing to the structural breakdown of the PVA backbone.10 The derivative 
curve shows a shoulder at approximately 375 °C which can be attributed to the transition from this 
side chain decomposition mode to backbone decomposition, follower by a small second peak 
around 450 °C which is common to all samples and attributed to final charring.11  
 
In all of the composite film samples, a small decrease in mass loss at around 110 °C can be 
associated with the elimination of residual moisture. The majority of the weight loss is observed 
between temperatures of 200 °C and 400 °C, followed by a further weight loss between 400 °C and 
500 °C. The information from TGA and derived curves is summarized in Table 7-2. The onset 
decomposition temperature (Tonset) of PVA is 262 °C. In contrast, with the addition of ME100, the 
A C 
D E F 
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Tonset of the PVA/ME100 nanocomposites is slightly lower than that of PVA, but the Tonset increases 
with an increasing loading of clay. This is probably due to the bound water introduced by the 
swellable ME100 fluoromica, where larger areas of free volume lead to the more rapid removal of 
this water and therefore result in a relatively lower Tonset.
12 With the increasing loading of ME100, 
this influence becomes less pronounced as the layered structure becomes more tightly stacked. 
Comparing the temperature at the highest decomposition rate (Tmax1) during the first stage of 
decomposition between pure PVA and PVA/ME100 nanocomposites, it is slightly reduced with the 
addition of ME100. As mentioned above, this might be owing to the balance between increased 
bound water released by ME100 and the ease-of-removal of vapour and volatiles through the 
various nanocomposite structures. However, the maximum weight loss rate is significantly reduced 
particularly in PVA/ME100 = 1/1. As to the Tmax2 at the second stage of decomposition, the 
nanocomposites exhibit a higher temperature than pure PVA. It is well-documented that the brick-
and-mortar structure at high clay loading can limit the movement of PVA chains, reduce the heat 
transfer and gas diffusion rate, and therefore the rate of decomposition. Moreover, owing to the 
existence of Na+ ions in the interlayer space of ME100 clay particles, the char production of PVA 
could also be accelerated as metal ions can function as a catalyst for char-producing charred 
degradation products from PVA. The oriented clay platelets in the nanocomposites, especially at a 
high clay loading, can also form a uniform carbonaceous char layer and function as a thermal 
insulation barrier in the brick-and-mortar structure.13-15 
   
Figure 7-5. TGA and derivative curves for PVA/ME100 nanocomposites with varying ME100 
mass ratio. 
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Table 7-2. TGA data of pure PVA and PVA/ME100 nanocomposite films 
 
Sample 
Tonset 
(°C) 
Tmax1 
(°C) 
Tmax2 
(°C) 
Residue 
at 700 °C 
(%) 
Moisture 
(%) 
Clay content 
(%) 
(theoretical) 
PVA 
content (%) 
(theoretical) 
PVA 262 288 445 6.3 3.1 0 (0) 100 (100) 
PVA/ME100=5/1 250 275 448 16.5 4.0 11.5 (16.7) 88.5 (83.3) 
PVA/ME100=2/1 256 277 450 26.2 4.2 22.3 (33.3) 77.7 (66.6) 
PVA/ME100=1/1 259 284 448 46.1 3.8 44.3 (50.0) 55.7 (50.0) 
PVA/ME100=1/2 260 276 454 49.3 1.5 46.6 (66.6) 53.4  (33.3) 
 
The actual mass ratios of PVA to ME100 in nanocomposites are also calculated from TGA data 
after removing the content of moisture, and these are displayed in Table 7-2. The weight loss at 
around 110 °C owing to removal of absorbed and adsorbed water has been taken into account. The 
mass ratios of PVA to ME100 are slightly higher than that predicted by theory, possibly due to the 
centrifugation step performed after mixing, which must have removed more large ME100 
agglomerates with respect to excess PVA , at the low centrifugal speed applied. Thus, combing with 
the FE-SEM and XRD results, at such loadings of clay, PVA/ME100 = 5/1 exhibits an exfoliated 
structure, while PVA/ME100 = 2/1 tends to have a random intercalated structure. In contrast, 
PVA/ME100 = 1/1, for which the mass ratio is relatively closer to the expected value, forms a n 
ordered brick-and-mortar structure, and shows better thermal stability. PVA/ME100 = 1/2 has a 
close (actual) mass ratio of PVA to ME100 as PVA/ME100 = 1/1. It further proves the 
inhomogeneous dispersion of ME100 in this sample as seen in the photograph. As a result, its 
thermal stability is almost the same as that of PVA/ME100 = 1/1.  
 
7.3.3 Characterization of PVA Nanocomposites with Different High-energy Milled ME100 
Size Fractions 
The cross-section of PVA nanocomposite films with high-energy milled ME100 size fractions at 
different clay loadings are presented in Fig. 7-6. Each film shows a layered structure in which clay 
platelets are intercalated with PVA. At a high mass ratio of PVA to clay as 5/1, the layered structure 
is not highly ordered. In contrast, with the increasing loading of clay, a self-ordering brick-and-
mortar structure is once again displayed. In particular, for the sample PVA/ME-F3 = 1/1 
nanocomposite, the clay layers are arranged flat and parallel to the film surface while 
interpenetrating into adjacent layers. Such a hierarchical structure is extremely similar to the 
structure of nacre.  
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Figure 7-6. FE-SEM images of PVA nanocomposite films with high-energy milled ME100 size 
fractions in cross-sectional direction. 
 
Photographs of PVA/ME-F1 = 1/1, PVA/ME-F2 = 1/1, and PVA/ME-F3 = 1/1 films taken in the 
planar direction are displayed in Fig. 7-7. The transparency of PVA nanocomposite films at high 
clay loadings are enhanced with the decrease of aspect ratio of the high-energy milled ME100 size 
fractions. For example, the PVA/ME-F3 film shows extremely high transparency due to the ultra-
small planar diameter of fraction ME-F3 which is approximately 160 nm. The TEM image of 
PVA/ME-F3 = 1/1 nanocomposite films observed from the cross-sectional direction is also 
displayed in Fig. 7-7. Parallel clay layers are uniformly stacked on each other, forming a highly 
ordered lamellar structure. The distance between two parallel clay platelets is measured as ~1.7 nm 
(see Fig. 7-7 inset), which is close agreement to the nanocomposite interlayer spacing values 
measured by XRD and discussed below.  
 
PVA/ME-F1 
5/1 
PVA/ME-F1 
2/1 
PVA/ME-F1 
1/1 
PVA/ME-F2 
5/1 
PVA/ME-F2 
2/1 
PVA/ME-F2 
1/1 
PVA/ME-F3 
5/1 
PVA/ME-F3 
2/1 
PVA/ME-F3 
1/1 
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Figure 7-7. Photographs of 1/1 PVA nanocomposites with high-energy milled ME100 fractions of 
different aspect ratios and a TEM image of a cross-section of the PVA/ME-F3 = 1/1 nanocomposite 
film. 
 
The uniform brick-and-mortar structure in 1/1 PVA/clay nanocomposites with high-energy milled 
ME100 size fractions are also confirmed by XRD patterns as shown in Fig. 7-8. The much higher 
intensity of the peak observed at 2θ = 19.6° is associated with the semi-crystalline structure of the 
PVA host polymer, and this increased intensity indicates the  long-range preferred orientation of 
PVA chains induced by the brick-and-mortar structure. The small shoulder at approximately 9.3o-
9.4o (d001 = 0.94 nm) is associated to with some unswollen ME100 agglomerates in the 
nanocomposites. At a high clay loading at around 50 wt%, the interlayer spacing of fluoromica 
platelets is increased to 1.81 nm (2θ = 4.87o) in PVA/ME-F1, 1.71 nm (2θ = 5.17o) in PVA/ME-F2 
and 1.67 nm (2θ = 5.27o) in PVA/ME-F3 (see Fig. 7-8 inset). The interlayer spacing of clay 
platelets in PVA/ME-F3 = 1/1 is consistent with the TEM result shown in Fig. 7-7. The 
corresponding interlayer distance after subtracting the clay platelet thickness value of 0.96 nm, is 
0.85 nm, 0.75 nm and 0.71, respectively, as obtained from Fig. 7-3. The interlayer spacing is 
reduced with the decreasing aspect ratio of ME100 platelets in the nanocomposites. Also it is 
smaller than the interlayer distance of ME100 platelets in PVA/ME100 = 1/1 which is 0.87 nm. 
These reflection peaks are very sharp, compared with the diffused peak seen, for example, in the 
XRD pattern for PVA/ME100 = 1/1, suggesting the long-range order and degree of parallel 
registration of the stacked clay platelets intercalated with PVA in the nanocomposites are more 
well-organized with decreasing aspect ratio of clay platelets. We postulate that the reason for this 
more efficient stacking relates to an increased proportion of platelet edge surfaces and the 
associated increase in volume of polymer adsorbed at these surfaces.  
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Figure 7-8. XRD patterns for PVA nanocomposites with unmilled ME100 and high-energy milled 
ME100 size fractions of a mass ratio of PVA to clay at 1/1. Inset shows the clear intensity-
normalized peaks at round 5°. 
 
It is described that the relationship between the polymer volume adsorbed at the rim, rimV , and the 
whole polymer volume, V, can be described as,  
)1(1 
t
R
VVrim  
In this equation, R is the planar radius of clay platelets and t is the thickness of a single platelet. 
Thus, smaller clay platelets could adsorb a higher volume fraction of polymer in close proximity to 
the rim area,2 and a lower volume fraction of polymer can be adsorbed in the interlayer space. As a 
result, the interlayer spacing is slightly reduced with the decreasing aspect ratio of clay platelets.  
 
TGA curves for these nanocomposites are displayed in Fig.7-9 and the data is summarized in Table 
7-3. When the mass ratio of PVA to clay is 5/1 and 2/1, the thermal stability of PVA 
nanocomposites with high-energy milled ME100 size fractions is increased with the increasing clay 
loading, respectively, but has not changed much compared with pure PVA and PVA/ME100 
nanocomposites. However, at a high clay loading, PVA/ME-F1 = 1/1, PVA/ME-F2 = 1/1 and 
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PVA/ME-F3 = 1/1 nanocomposites exhibit a remarkable improvement in thermal stability as Tonset, 
Tmax1, and Tmax2 are all distinctly delayed to a higher temperature. For example, Tonset, Tmax1, and 
Tmax2 of PVA/ME-F2 = 1/1 is 299 °C, 324 °C and 470 °C, while that of pure PVA is only 262 °C, 
288 °C and 445 °C, respectively. It is believed that this is due to the self-assembly of highly-
oriented in-plane clay platelets which have formed continuous impermeable layers in the tightly-
connected brick-and-mortar structure, presumably leading to very uniform carbonaceous char layers 
when oxidized, and simultaneously increasing the gas barrier via a very tortuous diffusion path. 
Moreover, in PVA/clay =1/1 nanocomposites, high-energy milled ME100 size fractions tend to 
contribute more to the thermal stability compared with unmilled ME100, as can be seen from the 
derivative TG curve for PVA/clay =1/1 nanocomposites also shown in Fig. 7-8. This could be 
owing to a more uniform brick-and-mortar structure as the high-energy milled ME100 size fractions 
possess smaller particle sizes with narrower particle size distributions.  
 
   
 
 
 
Figure 7-9. TGA and derivative curves for PVA nanocomposites with high-energy milled ME100 
size factions at different clay loadings.  
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The actual mass ratios of PVA to ME100 in nanocomposites are also displayed in Table 7-3. Due to 
the smaller average particle size of high-energy milled ME100 size fractions, centrifugation did not 
result in the settling of agglomerates and therefore such a disparity between the theoretical and 
actual mass ratio of PVA to clay. The three different experimental clay loadings were measured at 
around 19%, 35% and 50% for each nanocomposite. Also, these samples released less moisture at 
initial heating, indicating improved gas barrier properties with respect to pure PVA and the previous 
non-milled PVA/ME100 nanocomposites, as all of the samples for TGA were prepared in the same 
way by vacuum drying at 40 °C overnight before testing.  
 
Table 7-3. TGA data of  PVA/ME100 nanocomposite films with high-energy milled size fractions. 
 
Sample 
Tonset 
(°C) 
Tmax1 
(°C) 
Tmax2 
(°C) 
Residue at 
700 °C (%) 
Moisture 
(%) 
Clay content 
(%) 
(theoretical) 
PVA content 
(%) 
(theoretical) 
PVA/ME-
F1 
 = 5/1 
257 275 451 23.1 0.5 17.9 (16.7) 82.1 (83.3) 
PVA/ME-
F1 
 = 2/1 
272 287 447 37.4 0 33.0 (33.3) 67.0 (66.7) 
PVA/ME-
F1 
 = 1/1 
285 303 463 54.4 0.3 51.4 (50.0) 48.6 (50.0) 
PVA/ME-
F2 
 = 5/1 
253 275 451 24.9 0 19.7 (16.7) 81.7 (83.3) 
PVA/ME-
F2 
 = 2/1 
263 280 443 41.3 0 37.2 (33.3) 62.8 (66.7) 
PVA/ME-
F2 
 = 1/1 
299 324 470 56.8 0 53.8 (50.0) 46.2 (50.0) 
PVA/ME-
F3 
 = 5/1 
251 274 453 25.4 0.6 20.4 (16.7) 79.6 (83.3) 
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PVA/ME-
F3 
 = 2/1 
272 288 443 39.7 0.1 35.5 (33.3) 64.5 (66.7) 
PVA/ME-
F3 
 =1/1 
281 305 461 52.2 0 48.9 (50.0) 51.1 (50.0) 
 
7.3.4 Mechanical Properties of PVA/clay Nanocomposites 
The mechanical properties of the PVA/clay nanocomposite films were investigated using tensile 
measurements. Stress-strain curves for the pure PVA film and PVA nanocomposite films with 
ME100 clays with controlled aspect ratios are presented in Fig. 7-10 (A)–(E). The pure PVA film 
shows an initial elastic deformation followed by a large plastic deformation (elongation at break > 
250%). However, pure PVA exhibits only a modest tensile strength (13.5 MPa) and Young’s 
modulus (0.11 GPa) owing to its large free volume of amorphous phase and relatively low glass-
transition temperature.16 In PVA/clay nanocomposites, strong polar interactions between the 
hydroxyl groups in PVA and surface ions of layered clays induce the connection between the 
inorganic phase and PVA. With the addition of ME100 clays of controlled aspect ratios, no yield 
and plastic deformation can be observed in most of the nanocomposites, except PVA/ME100 = 5/1 
and PVA/ME-F1 = 5/1 with lower nanofiller loadings and larger aspect-ratio clay nanofillers. The 
level of remnant nanofiller orientation and self-assembly in these composites did not appear to be as 
high in the SEM images of cross sections and so it is suggested that this less registered structure, 
and of course lower filler loading, accommodates more plastic deformation. With an increased clay 
loading, the elongation at break is observed to decrease in all of the PVA/clay nanocomposites, 
irrespective of ME100 aspect ratio. A comparison of tensile strength, elongation at break, Young’s 
modulus and toughness for PVA nanocomposites is displayed in Table 7-4. PVA/ME100 = 1/2 was 
not tested due to its extreme brittleness. Accordingly, maximum values recorded for measured clay 
content and nanocomposite tensile strength, elongation at break, Young’s modulus and toughness 
are highlighted in bold, demonstrating that through clever formulation design and selection of 
ME100 aspect ratio, that optimum property profiles can be tailored to quite a large extent. For 
example, while PVA/ME-F3 =1/1 was by far the least ductile and tough film with an elongation at 
break reduced to < 1%, this nanocomposite resulted in the highest Young’s modulus.  
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Figure 7-10. Stress-strain curves for (A) pure PVA film, (B) PVA/ME100 films, (C) PVA/ME-F1 
films, (D) PVA/ME-F2 films, and (E) PVA/ME-F3 films, as well as (F) the effect of clay loading 
and aspect ratio on the Young’s modulus of PVA/clay nanocomposites.   
 
A B 
C D 
E F 
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PVA/ME100 = 5/1, which could be classified more as a conventional exfoliated nanocomposite 
with the lowest clay content (11.5 wt%) according to the analysis above, shows approximately a 2.7 
times increase in tensile strength with respect to the pure PVA film, and also a significant 
enhancement in Young’s modulus (from 0.11 GPa to 2.89 GPa). The exfoliated ME100 platelets of 
large aspect ratio offer a higher stress bearing ability to the PVA matrix. The regions where PVA 
chains are adsorbed on the surface of clay platelets are stiffened.17 Aside from PVA/ME100 = 5/1, 
most of the other PVA nanocomposites prepared would be more appropriately classified into nacre-
like intercalated nanocomposites. In exfoliated nanocomposites, high stress-bearing clay platelets 
usually added at much lower loadings perform more as discrete, dispersed fillers to stiffen the 
adsorbed PVA chains so as to increase the strength and toughness of the films. However, in nacre-
like intercalated nanocomposites, the roles of clay platelets and PVA are quite different. Self-
ordering of clay platelets induces the in-plane orientation of the PVA chains. Meanwhile, PVA 
chains intercalated in the interlayer space of clay platelets increase the interaction between adjacent 
clay platelets and protect the brittle clay “bricks”. In such a brick-and-mortar structure, the relative 
motion between flexible PVA chains and rigid clay platelets is far more restricted, leading to 
attractive property profiles combining high strength, toughness and/or stiffness.  
 
Fig. 7-9 (F) presents the effect of clay loading and aspect ratio on the Young’s modulus of 
PVA/clay nanocomposites. The enhancement of Young’s modulus in the nanocomposites is closely 
related to the exposed surface area of clay platelets in the polymer matrix. Obviously increasing the 
clay loading can lead to continually enhanced Young’s modulus if clay platelets are well-
dispersed.12,18 Indeed this relationship can be clearly seen in the PVA/clay nanocomposites for a 
given aspect ratio with different clay loadings. On the other hand, at a fixed clay loading, clay 
platelets of smaller aspect ratio have a larger exposed surface area, contributing more to the 
Young’s modulus. When the clay content is at around 50 wt%, the PVA/ME-F3 = 1/1 
nanocomposite exhibits the highest stiffness with a Young’s modulus at 9.78 GPa. In comparison, 
the Young’s modulus of PVA/ME100 = 1/1 is 7.07 GPa, while that of PVA/ME-F3 = 5/1 is only 
4.06 GPa.  
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Table 7-4. Tensile strength, elongation at break, and Young’s modulus of pure PVA film and PVA 
nanocomposite films with ME100 clay of controlled aspect ratios at different clay loadings.  
 
Sample 
Clay 
content 
(wt%) 
Tensile 
Strength 
(MPa) 
Elongation at 
break (%) 
Young’s 
modulus 
(GPa) 
Toughness 
(MJ·m-3) 
PVA 0 13.5 ± 3.1 265 ± 43 0.11 ± 0.03 27.04 ± 8.97 
PVA/ME100 = 5/1 11.5 49.9 ± 7.3 2.60 ± 0.45 2.89 ± 0.52 0.70 ± 0.22 
PVA/ME100 = 2/1 22.3 58.6 ± 6.3 2.34 ± 0.27 3.58 ± 0.25 0.64 ± 0.16 
PVA/ME100 = 1/1 44.3 81.9 ± 14.7 1.63 ± 0.35 7.07 ± 0.91 0.70 ± 0.30 
PVA/ME-F1 = 5/1 17.9 68.8 ± 7.9 4.79 ± 1.47 3.34 ± 0.68 1.99 ± 0.66 
PVA/ME-F1 = 2/1 33.0 68.6 ± 7.0 1.84 ± 0.28 5.04 ± 0.54 0.58 ± 0.11 
PVA/ME-F1 = 1/1 51.4 66.0 ± 4.3 1.22 ± 0.20 7.50 ± 0.29 0.43 ± 0.11 
PVA/ME-F2 = 5/1 19.7 77.7 ± 8.6 3.02 ± 0.13 3.71 ± 0.57 1.19 ± 0.24 
PVA/ME-F2 = 2/1 37.2 75.6 ± 7.4 2.92 ± 0.18 4.22 ± 0.10 1.07 ± 0.06 
PVA/ME-F2 = 1/1 53.8 59.0 ± 2.8 1.38 ± 0.21 8.24 ± 1.75 0.33 ± 0.05 
PVA/ME-F3 = 5/1 20.4 81.2 ± 3.2 3.24 ± 0.45 4.06 ± 0.56 1.41 ± 0.26 
PVA/ME-F3 = 2/1 35.5 60.4 ± 6.1 1.71 ± 0.61 5.74 ± 0.72 0.48 ± 0.20 
PVA/ME-F3 = 1/1 48.9 49.8 ± 4.9 0.78 ± 0.19 9.78 ± 1.60 0.19 ± 0.07 
 
The effect of clay loading and aspect ratio on the tensile strength of PVA/clay nanocomposites is 
displayed in Fig. 7-11 (A). It is reported that in the brick-and-mortar structure of nanocomposites, 
clay platelets of high aspect ratio leads to a “platelet fracture failure mode”, while clay plates of low 
aspect ratio result in a “platelet pullout inelastic deformation failure mode” due to more host 
polymer infiltrating and adsorbing in the rim areas.2 Thus, PVA/ME100 = 1/1 exhibits the highest 
tensile stress of 81.9 MPa owing to the high aspect ratio of unmilled ME100 platelets in the ordered 
brick-and-mortar structure. This value is close to the tensile strength of natural nacre which is 80-
135 MPa.19,20 In contrast, with clay platelets of decreasing aspect ratios, PVA/ME-F1 = 1/1, 
PVA/ME-F2 = 1/1 and PVA/ME-F3 = 1/1 exhibit decreasing tensile stress (66.0 MPa, 59.0 MPa 
and 48.9 MPa, respectively). The smaller the aspect ratios of clay platelets, the more PVA chains 
are adsorbed in the rim areas. In such a brick-and-mortar nanocomposite, there would be 
insufficient energy-dissipating PVA between the clay platelets to arrest the crack propagation.16 As 
shown in Figure 7-11 (B), it is also in line with the XRD result that the interlayer distance is getting 
smaller with the increased volume fraction of PVA adsorbed at the rim area, as the decreasing 
aspect ratio of clay platelets in the nanocomposites. As a result, these nanocomposites at lower clay 
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loading exhibit better mechanical properties. PVA/ME-F3 = 5/1 exhibit a tensile stress of 81.2 MPa 
though its brick-and-mortar structure is not in high orientation.  
 
In others’ work, commercially available Laponite and montmorillonite have been commonly used 
as the nanofillers in the nacre- like PVA based nanocomposites. A 200-bilayer PVA/Laponite 
nanocomposite film with an clay aspect ratio of 25 was prepared using layer-by-layer assembly 
method, and it displayed a high tensile strength of 108.4 MPa and a Young’s modulus of 5.1 GPa at 
60% relative humidity.3 However it is a time-consuming preparation method, making it hard to be 
scaled up. PVA/montmorillonite nanocomposite films were prepared via vacuum filtration and 
doctor-bladed. At a very low relative humidity of 23%, the Young’s modulus was up to 27.1 GPa 
and 21.3 GPa, while the tensile strength was 105 MPa and 165 MPa, respectively.21  
 
The effect of clay loading and aspect ratio on the elongation at break is shown in Fig 7-11 (C). The 
toughness of nanocomposites was calculated from the integrated area under the stress-strain curves 
as shown in Fig 7-11 (D). Although the tensile strength is much lower than nanocomposites, the 
pure PVA film possesses high toughness (27.04 MJ·m-3) owing to its high elongation (> 250%). 
With the addition of clay platelets, the reduced toughness caused by the decrease of the strain at 
break (< 5%) can be observed. In PVA/ME100 nanocomposites, the clay loadings in this system do 
not have a large affect on the toughness. PVA/ME100 = 1/1 with high tensile strength and high 
Young’s modulus has a low toughness of only 0.70 MJ·m-3. However, in the nanocomposites with 
high-energy milled ME100 size fractions, the toughness is decreasing with the increasing clay 
loadings. PVA/ME-F1 = 5/1 shows highest toughness (1.99 MJ·m-3) in these samples, which in fact 
is even higher than the toughness reported for natural nacre (1.8 MJ·m-3).19,20 Such a result was 
achieved in other PVA/clay nanocomposites by using the solvent casting method as well. With an 
aspect ratio of Na+ saponite at 140 (~50 wt%) and that of Na+ fluorohectorite at 750 (~75 wt%), the 
toughness of the nacre- like PVA/clay nanocomposites displayed a toughness of 1.7 and 2.0 MJ·m-3 
at 60% relative humidity.2 Similarly, PVA/ montmorillonite nanocomposite was prepared using the 
vacuum filtration method at a clay loading of ~70 wt%, showing a toughness of ~ 2.0 MJ·m-3 at 
50% relative humidity.22  
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Figure 7-11. The effect of clay loading and aspect ratio on (A) tensile strength, (C) elongation, and 
(D) toughness of PVA/clay nanocomposites; and (B) dependence of volume fraction of PVA 
adsorbed at the rim area of clay platelets and the interlayer distance on the aspect ratio of ME100 
platelets in the 1/1 nanocomposites. The reported tensile strength and toughness values for nacre are 
shown in (A) and (D) for comparison.19,20 
 
The classical Halpin-Tsai model23,24 and Jager-Fratzl model25,26 are used to predict the Young’s 
modulus of nacre- like nanocomposites.2,3,27 Here, we applied these two models to the PVA/ME-F3 
nanocomposites with the smallest aspect ratio of clay at 170, in which the long-range order and 
parallel orientation of the stacked clay platelets intercalated with PVA in the nanocomposites are 
best-organized in our samples: 
 
Halpin-Tsai Model 
A B 
C D 
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The Young’s modulus of pure PVA is Em = 0.11 GPa with reference to the experimental result 
above. The in-plane Young’s modulus of clay platelets is Er = 230 GPa.
28 G is the shear modulus of 
the PVA matrix and Poisson’s ratio υ is considered at 0.45.29 
t
d
is the aspect ratio of the clay 
platelet. The volume fraction of clay (  ) can be calculated from the weight fraction:  
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In this equation, w is the weight fraction of clay in nanocomposites, while f  is the density of 
fluoromica ME100 (2.6 g/cm3)30 and m is the density of PVA (1.3 g/cm3). 
 
The experimental result in PVA/ME-F3 nanocomposites is compared with the two theoretical 
modeling of Young’s modulus, as displayed in Fig. 7-12. At a low volume fraction of 11.36%, the 
experimental result (4.06 GPa) matches very well with the predicted value as 4.17 GPa from the 
Halpin-Tsai model and 3.46 GPa from the Jaeger-Fratzl model. However with the increasing clay 
loading, the experimental result is getting far away with respect to the modeling value. At the 
highest volume fraction of 32.36%, the predicted Young’s modulus is 14.56 GPa from the Halpin-
Tsai model and 27.02 GPa from the Jaeger-Fratzl model, in comparison, the experimental result is 
only 9.78 GPa. It is not surprisingly that the experimental Young’s modulus is getting lower from 
the predicted value with the increasing clay loading, as the efficiency of the stress transferred from 
the polymer matrix to clay platelets is to an extent limited and it is not possible to make full use of 
the high stiffness of clay platelets in the nanocomposites. Between these two models, the Halpin-
Tsai model seems to be more appropriate for the theoretical predictions in our nanocomposites. It is 
probably due to the fact that the Halpin-Tsai model is designed for a plate-shaped reinforcing phase, 
and assumes a high degree of orientation of clay platelets and high degree of adhesion between the 
polymer matrix and the clay platelets.31 In contrast, the Jaeger-Fratzl model is more biased towards 
on the effect of the length of the nanofillers instead of the diameter.32  
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Figure 7-12. Theoretical modelling of Young’s modulus-comparison with experimental result in 
PVA/ME-F3 nanocomposites. 
 
7.4 Conclusions 
Three fluoromica ME100 size fractions of controlled aspect ratios were successfully produced using 
high-energy milling and differential centrifugal separation. Transparent PVA/clay nanocomposite 
films were prepared via solvent casting using these three well-characterized ME100 size fractions 
combined with the as-received, unmilled ME100 to investigate the influence of the aspect ratio of 
clay platelets at different clay loadings on the specific properties of the nanocomposites. A clear 
brick-and-mortar structure can be observed when the clay loading is at around 20 wt%. With the 
increasing clay loading up to around 50 wt%, the clay platelets and PVA chains exhibit ultra-
uniform in-plane orientation in the nanocomposites, especially in the nanocomposites using smallest 
size fraction from high-energy milling. At such a high clay loading, high-energy milled fractions 
contribute more to the thermal stability of the nanocomposites owing to a more tightly stacked 
brick-and-mortar structure. In the nanocomposite using unmilled ME100 of high aspect ratio, the 
ordered brick-and-mortar structure in the sample PVA/ME100 = 1/1 (clay loading 44.3 wt%) 
exhibits considerably improved mechanical properties in tensile strength and stiffness, as the tensile 
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stress and Young’s modulus are 81.9 MPa and 7.07 GPa, respectively. These values represent an 
impressive increase of 6.1 times and 64 times those of pure PVA film, and indeed such high tensile 
strength is very close to that of natural nacre. However, the nanocomposites using high-energy 
milled fractions of lower aspect ratios do not show highly improved mechanical properties at the 
higher clay loadings. The systematic data presented showed that in these brick-and-mortar 
structures, more polymers can be adsorbed in the rim areas of clay platelets of lower aspect ratios. 
As a result, the failure mode of nanocomposites appears to be transformed from a platelet fracture 
mechanism to one of platelet pullout and inelastic deformation. With the decreasing aspect ratio of 
clay platelets, less PVA chains are adsorbed on the in-plane surface of clay platelets to dissipating 
energy, leading to lower stress bearing capability. Thus these nanocomposites using high-energy 
milled fractions demonstrate better mechanical performance at lower clay loadings, without an 
ultra-uniform brick-and-mortar structure, probably owing a balance between the PVA chains 
adsorbed in rim areas and in-plane surfaces. Fortuitously, this also leads to a higher toughness in 
these samples. With a low loading of high-energy milled ME100 size fractions, the nanocomposites 
displayed almost the same toughness as natural nacre. The nanocomposites with high-energy milled 
ME100 size fractions at a low loading exhibited the best combination of strength and toughness in 
all of the samples prepared, partly owing to their narrow size distribution. Further characterization 
of fracture surfaces would be necessary to help get a better insight to the interfacial interaction 
between clay platelets and PVA chains, and the underlying.  
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Chapter 8 – Conclusions and Future Recommendations 
 
8.1 Conclusions 
Aspect ratio is one of the most important features of layered clays and it is closely associated with 
resultant properties and performance in many applications. Similar to other nanomaterials, layered 
clays can perform differently or exhibit novel properties, owing to increased specific surface area, 
altered shape, and increased edge surface area caused by a reduction of aspect ratio of single 
platelet. Among the broad applications of layered clays, polymer/clay nanocomposites with high 
performance and multi- functionality have experienced a rapid development and found wide 
applications. It has been long investigated that the effective aspect ratio of layered clay particles 
dispersed in the polymer matrix plays an important role in the extent of enhancement of the specific 
properties of the polymer/clay nanocomposites and/or the introduction of novel characteristics into 
the polymer matrix. This thesis is focused on the careful preparation and through characterization a 
series of layered clay nanoparticles with controlled aspect ratio from the same synthetic clay 
starting material using high-energy milling, the development of improved microscopy methods to 
characterize the clay aspect ratio before and after high-energy milling, investigating the effect of 
clay aspect ratio on nanotoxcity, and comparing the effect of clay aspect ratio on the structure and 
properties of novel nacre-like PVA-layered clay nanocomposites. 
 
Semi-synthetic Na+ fluoromica Somasif ME100 was employed in this body of work, owing to the 
high aspect ratio and long-range order of this clay candidate. Lab-scale continuous high-energy 
stirred bead milling was primarily utilized to perform the reduction of aspect ratio of ME100 by 
reducing the major diameter of the planar platelet. A series of ME100 size fractions of controlled 
aspect ratio were successfully obtained using differential centrifugal separation. These ME100 size 
fractions were investigated for nanotoxcity. The in-vitro results indicate, perhaps surprisingly, that 
smaller fluoromica nanoparticles indicate reduced cytotoxicity levels, which is opposite to that 
observed for many other types of nanomaterials. It implies that smaller fluoromica nanoparticles 
could be safer for use in humans if, for example, biomedical nanocomposite biodegradation or 
nanofiller leaching occurs in the polymer/clay bio- implants. The reduction of aspect ratio of 
fluoromica platelets were also performed using a semi-commercial scale high-energy stirred bead 
mill. The smallest size fraction with narrow size distribution produced from both of the lab-scale 
and semi-commercial scale high-energy mill was collected, characterized and compared using DLS, 
TEM and FE-SEM analysis. Via the optimized specimen preparation method, FE-SEM provided the 
most efficient representative and direct measurement of clay platelet planar diameter before and 
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after high-energy milling, This development could be very important for those working with layered 
silicate materials, as previously most of the reported clay-related studies did not exhibit robust 
methods for the characterization of aspect ratio or surface morphology using microscopy 
characterization.1-3 In addition, the larger semi-commercial scale mill resulted in a greater size 
reduction, which is consistent with existing concepts and theory of horizontal bead mill scale up.  
 
Then, reduction of aspect ratio of organo-modified fluoromica ME-Cmod and ME-Emod was 
performed using a semi-commercial scale high-energy milling. Both of the organoclays were 
successfully high-energy milled into samples with a smaller particle size distribution. Particularly, 
three different size fractions of ME-Emod were produced and well-characterized. The organophilic 
surface of ME-Emod particles were almost unaffected by the high-energy milling process.  
 
Finally, a series of lab-scale high-energy milled pristine ME100 with controlled aspect ratios were 
incorporated into PVA based nacre- like nanocomposites at different clay contents. In such a system, 
inorganic layered clays function as a load-bearing phase, while PVA perform as an energy-
dissipating matrix or adhesive phase. Traditional nanocomposites at lower clay contents usually 
have an intercalated and/or exfoliated structure. When the clay loading reaches around 20 wt%, a 
classical brick-and-mortar structure can be observed. At much higher loadings as high as 50 wt%, 
ultra-uniform laminar structures involving a very high degree of in-plane orientation of clay 
platelets and PVA chains can be obtained. These nacre- like nanocomposites showed much higher 
strength and stiffness with respect to the pure PVA. It was elucidated that more host polymer can be 
adsorbed in the rim areas of clay platelets of lower aspect ratios, leading to a transformation of 
failure mode.4 This is clearly revealed in the mechanical testing and XRD analysis. The 
nanocomposites incorporating lower aspect ratio high-energy milled ME100 size fractions at a low 
loading exhibited the best combination of strength and toughness, which, impressively, is very close 
to the value reported for natural nacre.  
 
8.2 Future Recommendations 
This very systematic study has significantly contributed to the micronization and fractionization of 
layered clays using the high-energy milling process at different scales, characterization of the 
platelet aspect ratio, and the understanding of the effect of clay aspect ratio on the structure and 
properties of novel nacre- like PVA-layered clay nanocomposites. Based on the results, future 
investigation and further optimization could be followed up, as suggested below.  
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In this thesis, the selection of the conditions at which high-energy stirred bead milling at both 
laboratory and pilot/commercial scales were performed is based on the high-energy milling 
experience in our lab, the instructions and the actual practical operation of the mills (e.g., the 
cooling effect of the chillers). In order to identify an optimized milling condition, different milling 
conditions can be attempted to investigate the effect on the reduction of aspect ratio of layered clays. 
In this study, the lab-scale milling condition was the same for the production of fluoromica size 
fractions in both of the nanotoxcity and nanocomposite study. The only difference is the various 
centrifugal speed settings used for fractionation. The resultant particle size and size distribution has 
been properly statistically measured proven, we think for the first time, and these well-characterized 
particles have demonstrated size-dependant performance differences with respect to biological and 
polymer nanocomposite mechanical performance. If a smaller fluoromica fraction of ultra-fine 
particle size can be produced (e.g., aspect ratio < 50), it would be of great advantage to further 
investigate the performance of such an ultra- fine fraction and make a systematic comparison among 
fractions. A detailed study of aqueous rheology would be of great interest to both the academic and 
industrial (fine chemical additives) communities, as companies such as BYK currently sell a wide 
range of layered clay based rheology modifiers and are always looking for particulates that assist 
with the achievement of a certain rheological behaviour in things like water based surface coatings. 
Among the variables in the high-energy milling, milling time, bead-to-powder ratio and selection of 
milling beads could have the most potential to be adjusted. For example, substantial reduction in 
particle size can be obtained with the longer milling time; however the chances of introducing 
contaminants would also be increased.5 On the other hand, the employment of a smaller bead size 
could increase the efficiency of high-energy milling to produce ultra- fine particles. It is also 
suggested that a combination of smaller and larger beads can produce different and interesting 
interactions between media in the milling chamber and produce excellent milling effects.6-8 Thus, 
the milling variables are really important to the milling results and they must be adjusted and 
controlled very carefully.  
 
Such an optimized milling condition is also very important to the semi-commercial scale high-
energy milling of organoclays. Organoclays modified by long-chain alkylammonium cations 
usually have a higher stabilization of the structure, leading to stronger resistance to attrition milling 
with respect to pristine clays.9,10 As described in Chapter 6, ME-Emod size fractions produced by 
large scale milling were well-characterized and ready for use as nanofillers in a thermoplastic host 
polymer matrix such as polyurethane or polyamide. This was successfully carried out by 
TenasiTech Pty Ltd, but the results are commercial- in-confidence and therefore not publishable in 
this thesis. The only drawback from preparing controlled aspect ratio nanofillers this way is the very 
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low yield of the ultra- fine fraction. The quantity would not be enough for a pilot scale 
nanocomposite study based on e.g., reactive extrusion. Although these fractions could be 
incorporated into nanocomposites via other approaches such as laboratory solvent casting, if the 
yield of the ultra- fine fraction can be increased, it may be of great importance to the nanocomposite 
fabrication and scale up. 
 
In addition to PVA/clay nanocomposites, other nacre-mimetic nanocomposite systems with high 
performance (e.g., cellulose/clay or PVA/cellulose/clay nanocomposites) have also attracted some 
attentions in the recent years.11-14 It would be worthwhile to attempt the incorporation of our 
fluoromica size fractions into such nacre- like nanocomposite systems and investigate the effect of 
clay aspect ratio on the structure and properties of such systems. It is also reported that the 
introduction of cellulose into the PVA/clay nanocomposites could lead to a further increased 
mechanical performance such as high strength, stiffness and toughness, and this fabrication can be 
performed using eco-friendly solvent casting as well.14 Besides this, extending our work to 
encompass some controlled polar surface modification of ME100 with quaternary alkylammonium 
salts such as choline and its derivatives could be an efficient way to further tune the interaction 
between clay platelets and polymer matrix in these fascinating nacre- like systems.15 For example, 
our more hydrophilic organoclays (e.g., ME-Cmod, see Chapter 3&6) could be interesting 
candidates to be used as “bricks” in these nacre- like nanocomposites. Furthermore, high-energy 
milling can also be applied to such organoclays to produce size fractions and enable further ins ights 
into the effect of aspect ratio and surface modification on the resulting structures and properties of 
nanocomposites.  
 140 
List of References 
 
 (1) Barabaszová, K. Č.; Valášková, M. Powder Technology 2013, 239, 277. 
 (2) Dellisanti, F.; Valdre, G. Applied Clay Science 2005, 28, 233. 
 (3) Hrachova, J.; Madejova, J.; Billik, P.; Komadel, P.; Fajnor, V. S. Journal of Colloid 
and Interface Science 2007, 316, 589. 
 (4) Das, P.; Malho, J. M.; Rahimi, K.; Schacher, F. H.; Wang, B.; Demco, D. E.; 
Walther, A. Nature communications 2015, 6, 5967. 
 (5) Baláž, P. In Mechanochemistry in Nanoscience and Minerals Engineering; Springer 
Berlin Heidelberg: 2008, p 103. 
 (6) Rhodes, M. J. Introduction to particle technology; John Wiley: Chichester ; New 
York, 1998. 
 (7) Suryanarayana, C. Mechanical alloying and milling; Marcel Dekker: New York, 
2004. 
 (8) Takacs, L.; Pardavi-Horvath, M.  1992, p 135. 
 (9) Ramadan, A. R.; Esawi, A. M. K.; Gawad, A. A. Applied Clay Science 2010, 47, 196.  
 (10)  rachová, J.; Billik, P.; Fajnor, V. Š. Journal of Thermal Analysis and Calorimetry 
2009, 101, 161. 
 (11) Carosio, F.; Kochumalayil, J.; Cuttica, F.; Camino, G.; Berglund, L. ACS Applied 
Materials and Interfaces 2015, 7, 5847. 
 (12) Das, P.; Schipmann, S.; Malho, J. M.; Zhu, B.; Klemradt, U.; Walther, A. ACS 
Applied Materials and Interfaces 2013, 5, 3738. 
 (13) Spoljaric, S.; Salminen, A.; Dang Luong, N.; Lahtinen, P.; Vartiainen, J.; Tammelin, 
T.; Seppälä, J. Polymer Composites 2013, n/a. 
 (14) Wang, J.; Cheng, Q.; Lin, L.; Jiang, L. ACS Nano 2014, 8, 2739. 
 (15) Wang, J.; Cheng, Q.; Tang, Z. Chemical Society reviews 2012, 41, 1111. 
 
 
 
